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ELECTROKINETIC PHENOMENA 
IX Electrophoresis and Electroosmosis* 

By HAROLD A ABRAMSON 

{From the Department of Biological Chemistry College of Physicians and Surgeons 
CoUmha University, JVew York) 

(Accepted for publication, Ma> 23, 1932) 

Henry (1) has recently obtained, by an analysis similar to that of 
Hiickel (2), the effect of the specific conductance, X', of a large particle 


CORRECTIONS 


In Vol 16, No 5, May 20, 1932, m the equation at the foot of page 491, 

, , lOO^p ^ , 100 

for log ^ read log — — 

p 100-p 


In Vol 16, No 6, July 20, 1932, page 620, in the first hne under Refer 
ences, for J Gen Physiol , 1931-33, 16, ^ read J Gm Physiol , 1931-33, 16, 
621 


an expression identical with equation (1), and identical with the ex 
pression for the cylinder were it placed axially to the electric field 
This theory clanfies in great measure the discrepancy between the 

* Paper VIII of this senes appears in J Phys Chetn , 1932 36, 2141 

1 
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results of experiments on the influence of size, shape, and onentation 
of particles and the theory of Debye and Huckel (4) Debye and 
Huckel had contended contrary to von Smoluchowski that while the 

factor ~ was valid for cyhndncal particles subject to their onenta- 
47r 

tion, the factor — should be substituted m the case of a sphere As we 
Att 

have elsewhere pomted out in detail, this was contrary to experiment 
Under conditions where it could be entertained with reasonable cer- 
tainty that the chemical constitution of the surfaces of the particles 
were identical, v was independent of size, shape, and onentation (5) 
Sumner and Henry (6) were able to compare the electrophoretic 
mobility, tTm, of a large glass cylinder with the electnc field broadside on, 
with the electroosmotic mobility, relative to a flat surface composed 
of the same material as the cylinder, the same field applied axially 
The fact that in these experiments the ratio 


U 


m 


Vm 


= — 10 approximately 


( 2 ) 


is in complete harmony with the von Smoluchowski-Henry theory and 
with experiments of the wnter on protein surfaces (5) It had been 
found that when small particles of diverse sizes and shapes were 
coated with thin protein films and Vm for these protein-coated particles 
was compared with Um for a flat surface coated with the same protein, 


equation (2) was valid within the limits of experimental error, since— 

was approximately — 1 00 These experiments, of course, did not 
give the numerical value of the constant, but merely indicated that 
it was the same for electrophoresis and electroosmosis Our previous 

experiments regarding the ratio — for protein surfaces were obtained 

with crude proteins In view of the importance of the recent theory 


and experiment it seemed desirable to obtain values of — for surfaces 

with a highly purified protein For reasons made obvious in a pre- 
vious communication, crystalhne horse serum albumin was employed 
(7), and v„ and were measured as usual in a cell of the type devised 
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by Northrop and Kumtz (8) The results of eight experiments 
(Table I) vnth serum albumin (crystallized three tunes) are in complete 
accord with the theory of von Smoluchowski and of Henry just 


descnbed The ratio — is very close to — 1 0, as previously reported 


TABLE I 


Hfgdfnni 

pH 

1 

tr, Vm 

m/wc /volt/cm 


HCl 

■HI 

1 39 1 52 


HCl 


2 26 2 26 

■^1 

HCl 


1 90 2 10 

■^1 

HCl 

3 47 

2 17 2 26 


Acetate buffer 

3 64 

1 42 1 22 

1 0 86 

Acetate buffer 

3 72 

1 34 1 66 

1 24 

Acetate buffer 

4 02 

1 01 1 02 

1 1 01 

Acetate buffer 

4 30 

0 63 0 61 

0 97 

Mean 



1 04 

Average deviation 



0 08 


SUMMARY 

As previously found expenmentally for crude protein surfaces, and 
m harmony with recent theory and expenment, the ratio of the elec 
troosmotic and electrophoretic mobihty for surfaces of punfied pro 
tein IS approximately — 1 00 
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STUDIES IN RESPIRO]METR\ 

I A Combined Gas Burette Interferometer Respirometer 
By WILLUM R THOMPSON 

{From the Department of Pathology^ I ate Umversity, New Baien) 
(Accepted for publication, May 12 1932) 

In developing a field of investigation concerned with the influence of 
radiations on physiological processes' * we have had as one objective 
in this laboratory the observation of possible effects of irradiation 
upon metabohc activity The study of respiratory rates under 
\anous expenmental conditions appeared as a likely procedure, but 
the methods atailable for such observations seemed unsatisfactory 
Accordingly, it was necessary to construct an apparatus for the pur- 
pose, and at the suggestion of Dr Van Name, of the Department of 
Physical Chemistry, Yale Umversity, the possibility of employing an 
interferometer for measurement of carbon dioxide changes was in 
vestigatcd 

Considerable information as to the use of an interferometer in gas 
analysis has been given m two articles’ * by J D Edwards, including 
an excellent method of cahbration It is obvious, however, from a 
mere perusal of these articles that in the case of gaseous systems in 
which both oxygen and carbon dioxide concentrations are subject to 
independent change the observation of the resultant change in re 
fractivity does not suffice for the estimation of either of these changes 
For the case of fixed pressure (p) and temperature (T) and a normal 
mixture of dry COj-free air at the start, however, Edwards' has given 
a method of estimation of these concentration changes (ACco and 
ACo,) when in addition to the above we observe the change in refrac- 
tivity when the carbon dioxide of the system is absorbed finally The 

' Hussev R , Thompson W R , and Calhoun E T Science 1927 66, 65 
’ Tennant, R , Science 1931 73, 567 
’Edwards, J D , Bureau Standards Butt , 1917, 14, 473 
' Edwards J D , Bureau Standards Technot Papers, 1919 12, Paper No 13 
S 
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method of calculation given is one of successive approximation, but, 
as will be seen below, this may be replaced by direct calculation, the 
desired estimates being expressible as rational algebraic functions of 
p, T, and the observed changes in refractivity, and, if the actual 
changes in moles of O 2 and CO 2 are required for a closed system, then 
the initial volume of the system is the only additional quantity which 
must be known 

In accord with these pnnaples a machine could be constructed, 
consisting of a sealed gas chamber (leakage through rubber joints 
bemg prevented by some means such as mercury, oil or vaseline seals) 
including a chamber for the respiring system, a suitable means of 
circulating the gas, CO 2 and water absorbing tubes introducible at 
will, and an interferometer of the laboratory type described in the 
article^ mentioned above, fixed so that circulation of the gases through 
either the left, the right or both chambers of the interferometer could 
be controlled by pairs of stop-cocks (one at each end of each of the 
tubes) combined with a means of adjusting the pressure of the gas and 
a means of short circmtmg the respiratory chamber proper dunng 
absorptions when required, and, of course, some means of introduction 
of fresh air at will 

Now, as stated above, with such a machine the change of refrac- 
tivity from the start with dry C02-free air to the end of a given interval 
(/', t") imder conditions of constant temperature and the same pressure 
at the beginning and end is msufficient for the estimation of either of 
the corresponding concentration changes or, for a known initial gas 
volume (F'), the change in amount of CO 2 or O 2 (which we shall repre- 
sent in the following discourse by 'A''Q 3 and 'A"Q 2 , respectively), 
but it does give a hnear relation between these quantities Ob- 
viously, if another such independent relation could be established, 
the simultaneous solution of these two hnear relations would give the 
required estimates of aQs and AQ 2 and make our dependence upon 
data from absorption unnecessary 

The change m volume ('A"F) of this system m the interval (/', /"), 
if known, would give just such a relation — ^if the simple gas laws hold, 
22 4 T 

= xw; — ('A "02 -f- 'A''Q 3 ) Accordingly, we need only a means 
273 p 

of precisely estimating this change in volume, for which a gas burette 
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combined with a delicate indicator of pressure difference between the 
internal gases and the atmosphere would serve provided that either 
this atmospheric pressure be sensibly constant or a suitable correction 
to crude observation be made Furthermore, the msertion of such a 
burette into the machine system described above would furmsh 
independent means of checking all of the results 
In Tert fig 1 is given a schematic diagram of such a machme which 
has been developed in this laboratory At H there is a pump whose 



piston {P) runs in paraffin oil above mercury in a U shaped glass tube 
the other side of which is a part of the closed gas system (5) of the 
respiratory machme, and is provided with mercury trap valves at its 
inlet and outlet tubes, the stroke of the pump and the number of 
strokes per minute being adjustable ‘ To avoid loss of pumping 

® The piston of the pump and the piston box were made of gun metal, the latter 
being provided with a cup above and attached with rubber tubing to glass tubing 
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efficiency the valves are sealed to the oil-nicrcury pump tube in a 
compact form It has been found convenient to use Pyrev glass 
almost throughout the lespiratory apparatus except for stop-cock 
plugs and parts of the interfeiometcr, connections being fused to- 
gether except for occasional lubber joints sealed with mercury, or, 
where this is not feasible as in the case of the joints to a metal inter- 
ferometer tube, rubber tubing completely coated with vaseline has 
been used Thus the outlet tube of the pump is joined to a gas burette, 
B, where the gas is held over paraffin oil, the pressuie of which max'- be 
adjusted delicately to that of the atmosphere by increase or decrease 
of air pressure in a communicating oil reservoir (the stop-cock D and 
delivery tube being used for this purpose) The two communicating 
tubes, A and C, of the same bore and mth their axes in the same 
vertical plane as in the case of tlie burette, B, furnish a means of 
indicating when the pressure in tlie closed system, vS, is the same as 
the external atmospheric pressure 
Next in the line of floxv of the gas is interposed a suitable respiratory 
cliamber {M) connected so tliat by means of a single stop-cock or pair 
of stop-cocks {Sr) the chamber may be sealed from the system and an 
alternate short ctremt automatically made The inlet and outlet 
tubes of M are joined until short rubber tubing connections, both 
sealed unth a single mercury cup to facilitate connection and dis- 
connection of the chamber In tlie same manner the absorption tube, 
Ui, is connected witli stop-cock and short circuit sj’-stem {S\ and iSs) 
immediately following M in tlie line of flow and followed by the absorp- 
tion tube, Uz, tlirough wliicli, hoxxever, all gas must pass in circulation 
In certain experiments to be described below Ui contained soda-lime 
and Z/s uas charged until CaCk, but, as will be seen later this arrange- 
ment maj'^ be x’-aned according to xvhether the lix'ing systems are to 
be kept in dry or moist air and what absoiption obserx'ations arc to be 
made if any Next m line xve hax’^e a x’^ent, E, xvhicli may be opened or 
closed merely by removal or replacement of a glass bell from a mercury 

below (at a point sucli tliat oil but not mercur\' could come in contact with metal 
parts) The author wishes to acknowledge his indebtedness to Jlr Edmund \V 
Baggott for his suggestions as to tlie design of the pump, to Dr Robert Tennant 
for his criticism and assistance, and to Mr E F Barringham for practical sug- 
gestions 
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basin in the middle of ivhich stand an inlet and outlet tube to and from 
the rest of the system, 5 When fresh air is to be introduced to S, a 
pipe line is connected to the proper one of these tubes so as to draw 
air directly from the outside of the bmlding into the otherwise closed 
system, the washed out gases being expelled at the companion tube of 
the vent Following the vent system, E, leads convey the gases 
back to the pump, but connected m parallel with this line (F) are the 
interferometer tubes, the nght and left sides being fitted, respective!} , 
with the pairs of stop cocks, (Ss and S,) and (Ss and Si), by means of 
nhich they may be cut out (either or both) at mil 

Inserted between the interferometer tubes and the pump m the 
hne, F, IS a U tube (G) partly filled with oil which serves to prevent 
undue pressure variation as one end is in the system, 5, and the other 
IS exposed to atmospheric pressure with the oil seal between In the 
arm of this U-tube remote from 5 is sealed a commumcatmg tube at 
a point below the oil level at all times which serves as an indicator of 
mean pressure at this point as the upper end of this tube (safely above 
the oil level) is provided with only a small vent This U-oil tube 
and the ABC burette s}stem act in harmony, one on each side of the 
pump, to reduce pressure fluctuation m the mam part of the gas sys 
tern A thermometer, T, graduated m tenths of a degree Centigrade, 
IS mserted into the lead from the pump to B 

In order that the volume cliange observations be less influenced 
by temperature variation, the machine described above is kept in a 
thermoregulated room The thermoregulation of a room for such 
purposes has been regarded fairly generally as a difficult and expensive 
undertaking, but, for the required purposes, our experience has shown 
this to be unnecessary How'ever, the thermoregulation system 
adopted in the present instance does depend to a shght extent upon 
manual operation of the air intake vent of the room and upon a supply 
of cool outside air 

The essential pnnciple employed is that of a main and a differential 
toluene mercury thermoregulator operating so that the main thermo 
regulator throws {vta a mercury switch) a lamp in parallel with the 
mam heating units, this lamp being immersed in a cylmder filled wath 
oil in which IS also one leg of the differential thermoregulator which is 
in the stream of air from the room and air intake vent passing the inter- 
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posed mam heating units which are thrown on and off by this differen- 
tial thermoregulator m the usual manner via a mercury switch In 
addition an auxiliary fan, forcing additional air through the vent into 
the room when in operation, may be used, current being supplied to 
it from the same source as used for the mam heating units in such man- 
ner that when current is passing through these units the speed of the 
fan IS reduced m consequence of the short circuiting Such an auxiliary 
fan system has been used with the additional feature that its circuit 
IS completely broken when the mam thermoregulator is at a tempera- 
ture below its tnp-pomt by means of the same relay used for the 
auxihary lamp but with a separate mercury break 

Before proceeding further with a description of technical details, 
it may be expedient to develop the formulae required for the estima- 
tions of change in amount and concentration of carbon dioxide and 
oxygen from the observed data, particularly as these formulae appear 
remarkably simple m view of the apparent complexity of the system 
involved The method of development is to consider first a given 
ideal situation and later to exanune how the developed formulae 
may be generalized so as to cover other cases 

Development of Refractovolumetric Respirometry Formulae 

Consider the case of a gaseous system, S, consisting of a mixture of 
mtrogen, oxygen, and carbon dioxide under ideal conditions wherein 
the simple gas laws (p v„ = R T) hold, where the total pressure in 
atmospheres, p, is constant as is the absolute temperature, T, being 
the molecular gas constant, and the volume of a mole of gas under 
such conditions (m liters) In general, throughout the present dis- 
course, let the unit of volume be the liter, the umt of pressure be the 
atmosphere (equivalent to 760 mm of mercury under the conven- 
tional conditions), the umt of temperature be the degree Centigrade, 
the unit of amount of gas be the mole (of concentration the mole 
per hter), and the unit of time be the minute, unless otherwise specified 
Furthermore, as we are to consider the values of the vanables in- 
volved at a sequence of instants in time (m chronological order), 
let us adopt the following convention 

(1) If X IS any one of the vanables involved, 
let denote its value at the ife-th mstant, and let A = — 

A'^“^, the increment in X from the a-th to the /3-th mstant 
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(2) For the sake of brevity let the pnme, double prune, etc , be used 
to replace these superscnpts wherever convenient, thus 'A"A = 
X" - X', 'A'"X = X'" - X', and "A"'X = A'" - X" 

(3) Now, for any variable, A’',, let 

the subscript 1 refer to Ni gas of the system 5 

■' 2 ‘ O, ‘ ‘ " 

" “ 3 ‘ CO, ‘ “ “ and 

' ‘ 0 “ the total gas of the system 

(4) Accordingly, let V be the volume of the system at a given in 
stant of tune, I, and be the amount of the gas, t, in the system at 
that instant, and C, be its concentration Then 


(5) 

( 6 ) 


Cl a — by dehmtion and 
1-1 1-3 

0 “ r and C - S Cl 
1-1 1-1 


Now, we have assumed p and T to be constant, hence 

(7) C — — « which is constant 

c. S r 22 4 r 


hence, for any given mcrement of time, we have 

I - 3 

(8) 0 «» AC " 2 ACf whence — ACi AC* + AC* 

/-I 

Furthermore, we provide that the amount of mtrogen gas in the 
system remain constant, that the system initially (* c , at /') be free 
from CO,, and the ratio of the nitrogen to total gas concentration be 
0 7906, the value for so called normal dry COrfree air, t e , 

(9) AQi ■» 0 always ® Ci « 0 7906 Co 

Now, we may let C = C,“’, and (except for emphasis) we may 
drop the subzero and the single prime (» c , let X = A, = A' = A ' 
for any variable) Then (6) and (9) give C ' = 0 2094 C, and 

(10) AO ” AO, + AO, always (as AQi " 0) 
whence 

'A '0. + A '0, “ (2 - 0' “ C 'A' V 
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obviously, which relation has been mentioned previously in the 
introduction 

Now, in accord ivith the theory of refractivity of gases as outlined 
by Edwards,^ we assume that for each of the gases or gaseous mixtures 
(m fixed proportion) there exists a constant,® such that C,i2, is 
the refractivity of the gas, t, at the given concentration, and the 
refractivity of the mixture at the &-th instant is = 

CoRJ-^^ and 

( 11 ) CoR}’‘'^ = Ri + R. + lU, 

where, obviously, Co, i?i, 222 , and Rs are constants but RJ-'^^ depends 
upon the proportions of the three component gases in the mixture 
Then, dropping the subzero, for a given interval 

% - 3 

(12) C AR = 2 R, AC, 

t = 1 

Now, for convemence, let be the refractivity of the gaseous 
mixture in S at the ^-th instant, then in (12) C Ai2 = Ar and by (8) 
and (12), we have 

(13) Ar = AC^iRt - Ri) + ACs(i?3 - i?,), 

where Ar is the observed change in refractivity 

Now, consider the interval (t', t") , where Qz = 0, Qi = V' C/ = 
0 7906 C r, and Q/ = 0 2094 C V' Then 

(14) Ca"03 = V" C'z = V" W'C, and 

< 'A"(22 = 1 "C" - F'C; = V" W'Q + C= 'A"7 
I = y" 'a"C2 + 0 2094 C 'a"F, 
whence, (13) gives 

(15) V" W'r = (W'Q, - 0 2094 C Wr)(R- - R) + W'QAR, - R) 


® The values of Ri here will be 22 4 tunes the corresponding values (the tdeal 
1 allies, of course) emploj ed by Edwards® as we employ the mole per liter as unit 
of concentration rather than the concentration of a perfect gas at normal condi- 
tions of temperature and pressure (760 mm of mercury at 0°C ) 
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and by (10) 

'a"Q! + 'a"Oi = c 'A"y 

Under (15) we have two linear independent equations (as i?j — JJ, 
IS negative and iJj — iJi positive as will be seen) where all the quanti 
ties but 'A"Q and 'a" 03 may be evaluated separately Thus we 
may solve simultaneously for these two quantities, obtairang the 
relation 

(16) -a- a = 0^ 9 06 

Kt — 

where we have from the data of Edwards' ' 

= 22 4(2971) 10-' 

Ri = 22 4(27(M) 10-' and 
R, = 22 4(4467) 10-' 

The change m amount of o-rygen is readily estimated from the 
calculated value of 'A"Qj in (16) by the relation, 'a"Q = —'A"Qt + 
C 'A"F Obviously, these estimates are independent of any absorp 
tion of CO , and the formulae may be evtended readily to include the 
case where respiration in successive intervals is to be observed ■without 
change to fresh air, and to the case where other gases are present but 
in fixed concentration In this last case no difference is needed in the 
formulae whatever, except that p is interpreted as the sum of the 
partial pressures of oxygen, nitrogen, and carbon dioxide, and C is 
the sum of the concentrations of these three gases but not of all gases 
as in the simple case above The demonstration is obnous in new 
of the fact that all refractivity difference measurements will be the 
same as if the additional gases (present in constant concentration) 
were absent and the total pressure were equal to p Furthermore, if 
we have any other gaseous mixture present in constant amount mstead 
of nitrogen, all that we need do is substitute the corresponding 
coeffiaent of refractinty of the mixture for Ri throughout the for- 
mulae and replace 0 7906 by the ratio, (6, of the concentration of 
this gaseous mixture to the sum of this concentration and that of oxy- 
gen initially (as in the case of a different initial proportion of mtrogen) 

Now, consider the case where all the variables are the same as in 
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the Simple case above at t' and i”, but that the following interval 
(i", t'") IS restncted to a complete absorption of CO 2 without change 
in Qi and Q 2 Then 

(17) Qz" = Q> = 0, and W'Qz = q” = - "a"'Qz = - - C 

which with (10) furmshes a means of estimation of change m the 
amounts of O 2 and CO 2 based upon volumetr}’^ alone 
We turn, now, to the development of formulae for this purpose based 
upon mterferometry alone, employmg the same case as above 
Obviously, 'a''Q 2 = 'A"'Q 2 = C 'A'"F, and by (13) and (17) as 
'A'"Cz = 0, we have 


(18) 

whence 

(19) 


whence 


'A"'f = 'A"'Cj (i?2 - R,) 


•A”Qi = ’A"'Qi = V” 'A"'Cj + C: 'A'"y 

'A"V 

= iy' + 'A''T) + 0 2094 C W'V 

R2 “ Ri 

V' \ 


( 20 ) 


whence 


'A"Q2 


V' 'b!"r 

'A'”r 

0 7906 (i?2 - Rj) — 

o 


- 'A"Q, = 


V 'A"'r 


0 0004728 + 


7 ^ 77 ^ (approximatdy) 


Now, by (16), replacing C 'A"V by its equal m (10) we have, as 
V" = V' + 'A"F, 


^ F" 'A"r - {’A’'Qs + 'A»Q0 (0 7906) (R, - R,) 


( 21 ) 
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IS 


and by (20) we have 


(22) 0 7906 (R,- it,) 'A 'Q, = V ' 'A"'r- 'A'T 'A"'r+'A''ft 


= V" 


’A"'r - 


^A ' f 

C 


('A"0i + 'A"e. - 'A' a), 


whence (21) gives 


(23) 

whence 


- V" 


'A"0, . 


'A "f + A' Ot - 0 7906 (R, - R,) j 


K. -R. 


(24) 


'A"0. 


- "A r V" 


R.-R, + 0 7906(Ri-R,)- 


'A V 


0 003476 - 


(approximately) 


Now, we may express 'A"Qa by (22) m the form 


(25) 


'A 'Q, 



07906(R, -R.) ’ 


and 0 7906 (R, - R,) •= - 0 0004728 

and i?j — «» 0 003949 (approximately) 


The relations (24) and (25) are compamons m that they involve V" 
as the only volume measurement In a similar manner we may 
obtain the compamon to (20), 


(26) 


'A''Q. 



R. - R, + 07906(Ri - Ri) - 


which mvolves only V volumetncally This possibility has been 
mentioned m the introduction, the choice between the two pairs of 
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relations to be used is a matter optional to the observer This method 
of estimation (based essentially upon interferometry, and independent 
of measurement of volume change) will be designated as ihe first 
method, that based on (16) and (10) (independent of absorption data) 
will be called the second method, and that based upon volumetry alone 
will be called the thud method Obviously, the fiist and third methods 
are independent 

The practical application of the first and third methods involves, 
however, the taking of a sample of the gas at t" for the absorption, for 
which the stop-code (or stop-codes) at Sr serve by merely excluding 
the chamber, M, and taking the remainder of S as sample For the 
data required in the first method, the volume of this sample (z;") 
IS of no significance, but for the third method both V" and v" must 
be estimated as the ideal " bI"V is calculated from the corresponding 
change in the volume, v, of the sample by 

( 27 ) "A"'V = ''A"'v 

V 

Now, let X be the reading at a given instant of the gas burette, B, 

m liters (-^ = it being understood that whenever readings are 

taken the pump piston is to be m a conventionally fixed position 
(c g , that of nunimum pump gas volume — the lowest point of the 
piston stroke) and the gas of the inclosed system adjusted to the fixed 
pressure, p Then, obviously, for any given system, V — x is mvan- 
ant, and if m is the volume in liters of the gas space within the cham- 
ber, M, and its connecting tubes to the stop-cock, Sr, we may define 
V by 

( 28 ) V = V — m, 

and, obviously, is invanant also 

Now, let these tw'o invanants be called F<, and respectively 
Then F = Fo + x and d = -f x Obviously, if m is known by sepa- 
rate cahbration, we need only to know Vo and the successive values of 
\ (a', r", and in order to calculate all the required volumes and 
changes in volume Accordingljq an estimation of Vo is of prime 
importance 
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Calibralton 

In the calibration of ii., the vessel (il) was replaced by another 
vessel {M') vhose volume plus that of the leads to ^ was estimated 
as in' = 1 197 liters (the volume of the leads being estimated as 0 044 
hter by calibration, and that of the chamber as 1 153 liters by cahbration 
with water) The whole gas space m 5, Ui, and the left side of the 
interferometer system (the right being alreadj included m 5) was 
filled with dry CO-free air (Ui and Ut being charged, respectively, 
with soda lime and dry CaCl ) thoroughly imxed by pumping for 10 
minutes Then the pressure was adjusted (pump in fixed position) 
as m all readings and x' read on the burette, B, and the zero reading 
of the interferometer taken (the mean of at least four interferometer 
readings always bemg taken, the scale having been calibrated accord 
mg to the method of Edwards’*, it being found that over the first 
ten complete drum revolutions, if y is the reading in small scale dm 
sions, then 2 00 (10'*) Av approximates Ar within tolerable limits) 
Then the chamber {M') was short circuited at 5 , as was Ui at 5i 
and S), and 5s and 5s closed (isolating the gas in the left interferometer 
tube), and the gas in the remainder of the system replaced by dry gas 
containing enough COj to differ in refractivity enough to be measure 
able with satisfactory preasion, mixed with pumping (about the 
restricted system), and x" the burette volume and Ay observed by 
reading the interferometer as before but merely turning the stop cock, 
Se, through a half revolution (closed open closed) in the stagnant 
system just before each interferometer reading, as difference in pres 
sure between the two sides would cause considerable error and the 
slight rmxmg in this way is unimportant Thirdly, the gas in M' is 
mixed as mitially with this gas of the nght side (f/i always shut off) 
and X and y observed again Call the three successive readings of 
each x', x", x'" and y', y", y'" respectively Then m estimating 
V , obviously, x' has no significance except that the pressure is adjusted 
m the reading and x" and x'" will be the same, practically, if tem- 
perature and pressure are stable, and v is estimated by 


r 


w (y — > ) 


( 29 ) 


y ~ y 


— »' 
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Thus the values, 0 573, 0 575, 0 566, 0 584, and 0 568 were obtained of 
which the mean, = 0 5732 and a d = 0 0022 which is approxi- 
mately 0 4 per cent of the mean The precision was sufficient for 
immediate purposes, and the approximation, i;,, = 0 573, has been 
used (Fo = 1^0 + w) 

EXPERIMENTAL 

In order to illustrate the use of the respirometer descnbed above, 
an expenment upon the respiration of Drosophila imagos in dry air 
at constant temperature, m which all three methods were used and 
contrasted, will be outlined 

TABLE I 

Comparison of three methods of simultaneous estimation of carbon dioxide and 
oxygen respiration of Drosophila imagos m dry air 


Respiration m moles IQ-^ in 1 hr of approximately 4 54 (10*) flies 


Carbon dioxide 

Oxygen 

Method 

I 

II 

ra 

I 

II 

III 

Exp 







1 

488 

478 

496 

673 

749 

767 

2 

464 

461 

459 

636 

666 

664 

3 

489 

484 

481 

651 

685 

682 

4 

494 

494 

482 

695 

686 

674 

5 

485 

479 

482 

641 

687 

690 

Mean 

484 

479 

480 

659 

695 

695 

Mean* 

483 

480 

476 

655 

681 

678 


* Expenment 1 excluded 


Approximately 4 54 (10^) flies were confined m a respiratory vessel, M, of 0 255 
liter capaatj', thus, the fly volume being neglected, m was taken as 0 255 + 
0 044 = 0 299 liter, whence Fo = 0 872 liter The vessel was covered with 
black paper throughout five successive sets of observations as follows 

Ui V, as charged with soda-lime and Uz with CaClj (dry) In each set of ob- 
servxitions fresh air was introduced by pumping' for 5 minutes with vent open and 
intake connected to a funnel at the window (plugged with absorbent cotton), 
the arculation being through all parts of the machine except Ui Then the air 
was similarh arculated' for 10 minutes with the vent closed and through Z7i 
which was suffiaent to remove sensibty all CO 2 and moisture (the position of the 

* The pumpmg rate was approximately 0 72 liter per minute 
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gas in the burette, B, being adjusted at the moment when the vent was dosed so 
that there was always plenty of room for anticipated expansion or contraction) 
The end of this interval was taken as the volume and refractivity readmgs made, 
Si and Si turned so as to short circuit Ui, and the left interferometer tube isolated 
bj dosing Sj and St (stop-cocks never being turned unless the gas is not cucu 
lating and adjusted at B to atmosphenc pressure) Then circulation was recom 
menced and continued to a time, /*, such that /'—(' = 60 mmutes Observations 
were made then as before and the chamber. If, isolated at 5 , Ui reconnected m 
circulation (by and 5 ), and pumpmg continued for 10 mmutes at which time, 
t" , another observation of x and y was made Thus we obtamed from x't a', 
x” and y', y’, y" the required data (as » = r + a, and V V, + x) for estima 
tion of 'a'Qi and 'A'Q by each of the three methods The barometric pressure 
was estimated (to 0 05 mm Hg) and the mtemal temperature (to 0 OrC ) in 
each instance and smtable correction introduced The calculated results are given 
in Table I 


DISCUSSION 


The corrections for temperature and barometnc pressure vanation 
tvhich are usually needed in computing the ideal volume changes can 
be applied with high preasion when the machine is kept in a thenno 
regulated room (as indicated above) in which is kept a precision- 
barometer, read frequently enough to make possible the estimation 
of p at any instant durmg the experience in question to about one 
part in 10,000, and the need of these corrections serves a useful pur 
pose in making the mfluence of personal bias upon the volume change 
observations practically ml To a high degree of approximation in 
the usual experience the total correction m a given interval required 

for AV may be taken as the exact correction term for 

the ideal 'A"F at p" and T" being F' / p d where 


(30) 





r'"> 


In interferometer measurements where the left chamber contains 
a gas having the same refractivity coefficient as the gas initially in 
the nght chamber and where the temperature and pressure of these 
two chambers are always equal dunng reading intervals, the observed 
increment in refractivity difference (Ap) between the directly com 
pared gases is exactly equal to that (Ar) which would be found be- 
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tween the initial and the final gas mixture of the nght side were they 
compared at the final temperature and pressure Returning to the 
notation for variable total gas concentration, introduced before 
(11), then the observed refractmty difference ('A^p) mentioned above 

IS merely 'A^R, and 'A^R = — which is independent of varia- 

tion in T and p even when we generalize the meaning of Ar to include 
actual measured refractmty differences m the above manner Fur- 
thermore, we have the obvious identity, 

(31) R = R - 'a‘"r, 

independent of temperature or pressure variation, and, if C had been 
constant throughout the expenence and equal to Co^\ then we should 
have observed an ideal refractivity difference. 



which formulae hold regardless of order of observation (a ^ P) 
This last term m the last expression, obviously, is the reqiured cor- 
rection term to observed refractmty differences before insertion m 
all preceding formulae where Co was assumed constant Obviously, 
as has been stated, there is no correction reqmred unless a ^ 1, and 
then the hunts of tolerance of neglect of the correction are obvi- 
ous in (32) 

Correction for failure initially to obtain air of the reqmred composi- 
tion in the ideal case may be made m an obvious manner by estima- 
tion of probable deviation m refractmty, if this is not negligible 
Hovever, it should be noted that the third method is independent 
of such vanation, and for constant (or negligibly variant) temperature 
and pressure AQo + AQj is estimated m the second method as well 
as the tlurd independently of the volume of the system This quan- 
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tity, AQ or AQ — AQ + AQi — A(CV) asQ = CV and Qi is constant, 
may be used to express the fundamental relations of all three methods 
in general form (where p and T may vary) in conjunction with the 
O' 

values of AR and p = ^ (for which the value, 0 7906 has been as 
sumed in the preceding development) as follows 


( 33 ) 


'A'Vt = 


- a j; 

jRj — — iJj) — A 




I 


where /(„«) 
and 


'A RV'C - »(j?, - n,) ^ Q 
R.- R, 

— CR (a ff + c ftifl)) 


c]?' - C‘“’ 


and "A^Q = Cf ("A^F + 


II 

m 


( 34 ) 


'i Qt = 


A R(C I - A Q) 
♦(R. - Ri) 


I 


= A Q - A Q, 


n and in. 


It IS obvious that no assumption of constant temperature or pres 
sure or constant total concentration, C , need be made in apphcation 
of these general formulae which hold in the first and second cases 
(I and II) independently of the holding of the simple gas laws, which, 
however, are used as a means of estimating C and 'A"Q The com 
plexity of the forms involving /(„ jj) is introduced to faalitate calcu 
lation by approximation methods, eg by slide rule , and for any gi\ en 

mterval / may be approxunated by ^ — — , usually with negligible 

P T 


error when either the temperature or the pressure vanation is shght 
In practice, however, the forms given earlier m the text have been 
employed with Ar replaced by its equivalent m terms of the directly 
observed values of Ay 

In regard to leakage it may be stated that there were no detectable 
leaks anywhere in the machine exceptmg the interferometer tubes 
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themselves The first tube employed m preluninar3^ ohsen*ations 
leaked so badly that it could not be used for further vrork without 
repair The second tube was much better and by adjustment of 
pressure at D and obseiY^ation of mean pressure variation at G it was 
foimd that leakage could be controlled at will b}’- such adjustment 
(made either positive or negative). Accordmgh*, m the experiments 
reported adjustment was made to approximate a zero resultant leak- 
age as nearly as practicable The actual leakage rate under such 
conditions was subsequently estimated as about —0 000,01 hter 
per minute (ad = 0 000,005 hter per rmnute) No correction for 
this leakage has been apphed, however, although its apphcation would 
have brought the results mto closer agreement 

STBBLARY 

A machine has been descnbed which combines volumetric and 
refractometnc means of observing changes m carbon dioxide and 
oxj’gen concentrations and amoxmts in a closed S3*stem smtable for 
contaimng a respirmg system A means of thermoregulation has 
been descnbed bnefly The theory* upon which estimation is based 
has been outhned m considerable detail and generahtx' mdicating 
how dependence upon absorption of gases by reagents can be elimi- 
nated completely, although thej- may be used m certam instances 
as a means of mdependent check An experiment of this nature 
has been reported as an illustration of one use of the machme Data 
of other experiments m which a moist eniuronment was emplo\-ed for 
the respinng S3'stem will be given in another commumcation 
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II ItWLUENCE OF INFRA ReD RADIATION UPON CaRBON DiOXIDE 
Respiration of Drosophua Iuagos in Dry Air 

Bv WILLIAM R THOMPSON and ROBERT TENNANT 
{From tho Department of Pathology^ Vote Vimeruty, New Haven) 

(Accepted for publication, Maj 12, 1932) 

In another communication* a rcspirometer has been descnbed which 
makes possible the simultaneous estimation of carbon dioxide and 
oicygen change in a closed system, not necessarily dry However, if 
the gases are kept dry, there are available independent means of 
estimating these changes provided that the imtial air approximates 
the composition of so called normal dry COrfree air As it was 
planned to use Drosophila imagos in further work,* it seemed of value 
to estimate the mfluence of visible and infra red radiation upon their 
respiratory rates in order to see what precautions should be taken to 
prevent confusion of such possible effects with others under investi 
gation as well as to furnish an example of the use of the respirometer 
in differential measurements 

The arrangement of material m respiration observations was the 
same as m the experiments descnbed in the report* mentioned above 
excepting the presence of a source of radiation and a means of its 
direction, filtration, or screening as stated below Under such condi 
tions It might be expected that volumetnc measurements be somewhat 
less reliable than in the simpler case first examined, but the influence 
of such errors upon the estimation of COi changes is very shght as 
wll be seen in the following results where irradiation consisted of 
merely turmng on an adjacent readmg lamp as well as m the first ex 
penment of the previous report • The results by what has been 
designated there as the first method should not be affected greatly by 
this disturbance, however, hence the deasion to work with dry air at 

* Thompson W R , / Gen Physiol , 1932^3, 16, 5 
23 
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least in preliminary investigation — a comparison m moist air to be 
made later - 

In order to ascertain whether effects of irradiation were of a tem- 
porary nature or not, a procedure of alternation of observations of 
respiration (over mten'-als of an hour) with and without irradiation 

TABLE I 

Influence of irradiation Mutii visible and mfra-red radiation from a reading lamp 
(60 watt) at approximatel}’^ 24 cm upon respiration of Drosophila imagos 

Respirahon m millimoles per 


0 69 0 70 0 66 

0 52 0 51 0 50 

0 68 0 69 0 68 

0 50 0 50 0 51 

0 53 0 55 0 53 

0 85 0 87 0 88 

0 56 0 57 0 58 

0 81 0 S3 0 S3 

0 54 0 54 0 57 

0 55 0 55 0 55 

0 83 0 85 0 S3 

0 57 0 57 0 58 

0 72 0 74 0 73 

0 46 0 46 0 46 

0 529 0 531 0 535 

Mein (i) 0 763 0 780 0 768 

* First D obsenation excluded {D umrradiated, L irradiated) 

was adopted In Table I are given the results obtained (emplojnng 
the three methods of the prexnous work^ simultaneous!}’’) m five respira- 
tor} observations on each of three lots of imagos (approxunately 
5 40, 5 07, and 6 08 thousand m aggregate number, respectively — the 

' Thompson, \V R , and Tennant, R , J Gen Physiol , 1932-33, 16, 27 



Carbon dioxide 




Respiratory quotient 


II III I n ra 


0 84 0 S3 
0 73 0 74 



0 71 0 71 
0 88 0 88 
0 74 0 74 
0 91 0 91 
0 71 0 72 


0 768 0 744 0 749 0 689 0 714 0 714 


1 032 0 903 0 897 0 739 0 864 0 856 
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age since emergence from the pupa case being less than 3 1 days 
at the beginning of the respiratory observations) Alternately, in 
each instance, respiration was observed in the dark (D), using a black 
paper cover, and in the light and infra red radiation (L) a 60 watt 
daylight reading lamp with reflector at a distance of approximately 
24 cm from the objectives being turned on dunng the interval 


TABLE n 

Comparatne influence upon respiration ol Drosophila imagos of the visilile 
radiation alone and combined with the infra red radiation from a 300 watt lamp 
under given condibons 


Respirition in miUimotes per hr 


Respiratory quotient 


Carbon dioxide 


O^en 


hlethod 

I 

n 

nr 


n 



V 

in 

D 

0 

73 

0 

72 

0 

76 

0 

94 

1 

00 

1 

04 

0 

78 

0 

72 

0 

73 

u 

0 

74 

0 

73 

0 

76 

0 

97 

1 

00 

1 

02 

0 

76 

0 

73 

0 

74 

L 

0 

81 

0 

80 

0 

86 

1 

01 

1 

06 

1 

12 

0 

80 

0 

76 

0 

n 

D 

0 

81 

0 

80 

0 

85 

1 

01 

1 

07 

1 

11 

0 

80 

0 

75 

0 

77 

L 

0 

75 

0 

75 

0 

81 

1 

00 

0 

97 

1 

03 

0 

75 

0 

77 

0 

79 

D 

Q 

51 

0 

50 

0 

47 

Q 

73 

Q 

81* 

0 

79* 

0 

70 

0 

62* 

0 

60* 

L 

0 

49 

0 

49 

0 

47 

0 

68 

0 

72 

0 

70 

0 

72 

0 

68 

0 

67 

L" 

0 

55 

0 

56 

0 

55 

0 

80 

0 

77 

0 

76 

0 

69 

0 

73 

0 

72 

D 

0 

47 

0 

48 

0 

50 

0 

69 

0 

66 

0 

68 

0 

68 

0 

73 

0 

74 

U 

0 

54 

0 

54 

0 

57 

0 

69 

0 

69 

0 

73 

0 

78 

0 

78 

0 

78 

D 

0 

45 

0 

43 

0 

46 

0 

50* 

0 

61 

0 

64 

0 

90* 

0 

70 

0 

72 


D in darkened room L m direct visible radiation L in direct and reflected 


visible radiation (three mirrors) L" the same as plus infra red radiation (water 
filter removed) 

* Comparison of respiratory quotients indicates unreliability of oxygen values 
in these instances regardless of correlation between II and III All observations 
are included in the table 


(1 7, 55 0) of the total respiratory interval, (0, 60) minutes This 
restnction was made in order that the disturbance of temperature 
control might not be so great as to preclude the desired observations 
The increase in respiratory rates with such irradiation (about 2/5) 
IS striking as is the subsequent return to the previous level 

In order to differentiate between effects of visible and infra red 
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components of such radiations the following expenments were made, 
using two lots of imagos (approximately 5 88 and 5 80 thousand in 
number and of imago age not exceedmg 4 1 days) The results of 
irradiation with and without the infra-red component (L" and L,' 
respectively) throughout the whole of the 60 minute intervals of 
collection employing a 300 watt lamp with parabolic reflector at a 
distance of about 1 3 meters from the objectives with tnple addition 
to the direct radiation by the use of three rmrrors may be compared 
with respiration without irradiation {D), the room being shielded from 
all but a small amount of hght These results are given in Table II 
together with one instance wherein the reflectmg mirrors were not used 
(Lfl), and in addition are appended m each instance (as in Table I) 
the so called respiratory quotients as calculated accordmg to the data 
of the three methods employed, the ratio of carbon dioxide increment 
to rmnus that of oxygen m the mterval, accordmg to convention 
These quotients are interestmg m general on account of an appar- 
ently great stabihty imder many conditions and vanation with diet 
Here, they may be used as a basis of choice between conflicting esti- 
mates of the same oxygen mcrements (the CO 2 estimates usually 
bemg in close approximation even under the most trying conditions, 
particularly in the first and second methods), and may indicate the 
preference of one value despite a close approximation of the two rival 
values 
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III An Application of Refractovolumetric Respirometry to 
THE Observation of Continuous Respiratory Changes in 
Wet or Dry Systems 

By WILLIAM E THOMPSON and ROBERT TENNANT 
{From the Departme»t of Pathology, Yale Vmeersity, New Haven) 

(Accepted for pubhcatioiij May 12, 1932) 

The pnnaples of refractovolumetnc respirometry have been treated 
in considerable detad in a previous report,* in which was described a 
machine admitting of use in measunng carbon dioxide and oxygsB 
respiration in either wet or dry systems In another communica 
tion’ an apphcation has been presented, restncted however to a dry 
atmosphere It is the purpose of the present report to demonstrate 
the faahty with which continuous respiratory changes may be ob 
served in either drv or water saturated environments, using what has 
been designated the second method in the previous work,' where the 
general theoretical considerations are presented 
As a preliminary experiment the respiration of a lot of Drosophila 
images was observed in this manner, first allowmg a 40 mmute interval 
to elapse durmg which observations were ignored (as m the case of the 
wet environment such interval was necessary to insure saturation of 
the gaseous system with water), and then observing respiration in 
three successive 20 nunute intervals, renewing the air and repeating 
the process alternately with dry and wet environment The results 
of this experiment are given in Table I 
In later work the modification of bubbhng the fresh air through 
water before admission to the system was introduced m experiments 
reqmnng a water-saturated system in order to avoid most of the above 
mentioned delay Some preliminary equihbration penod is necessary 

^ Thompson, W R. / Gen Fhyziol , 1932-33, 16, 5 
* Thompson, W R , and Tennant, R J Gen Physiol 1932-33, 16 23 
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however, and correction for respiration dunng this interval should be 
introduced In actual application of the formulae given previously* 
it IS obvious that this may be done with tolerable error by a simple 
extrapolation The formulae for “A^Qs, the CO 2 increment, is ob- 
tained (in the form invanant with temperature and pressure) from 
II imder Equation (33) of the above mentioned paper* by taking the 


TABLE I 


Respiration of Drosophila images in wet and dry atmosphere, after 40 minutes, 
in 20 minute intervals 


Respiration (m millimoles)* 

Respiratory quotient 


Carbon dioxide 

Oxygen 


■H 

0 190 

0 78 

Dry 


0 212 

0 69 


0 138 

! 0 200 

0 69 


0 180 

0 196 

0 92 

Wet 

0 185 

0 249 

0 74 


0 190 

0 242 

0 79 


0 175 

0 229 

0 76 

Dry 

0 161 

0 239 

0 67 


0 172 

0 215 

0 80 


0 182 

0 226 

0 81 

Wet 

0 185 

0 229 

0 81 


0 184 

0 216 

0 85 


* Aggregate number of images = 4 67(10)®, approximately 


difference between 'A^Qs and 'A'^Qz, whence (employing the same 
notation) we have 

- 'a“r - RO 

(1) Aft , 

whence we have, as by definition, 

( 2 ) 


1 + ['a“ r - - R.)] 

^ _ 


Rj — Rj 
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Similarly, but with less difficulty, we have (from (34) of the first 
paper') for the oxygen increment 

(3) Vo, = Vo - Vo, 


In the case of either wet or dry systems these same formulae apply, 
C being the sum of the concentrations of CO , 0,, and the inert gas 
present m constant amount, (c g , nitrogen), but exclusive of gases 
present m constant concentration such as HjO m the case of water- 
saturated environments, Ri being the refractivity coeffiaent of this 
mert gas, and if and if, bemg that of oxygen and carbon dioxide, 
respectively (as previously' explamed), and if, the fraction represented 
by the mert gas (e g , N,) m moles of the onginal mixture As ex 
plained before' superscripts refer to instants m time, and the sub- 
sonpts refer 


1 to the inert gas (present in constant amount) 

2 to oxygen 

3 to carbon dioxide, and 

0 or no subscnpt to their sum. 


and VA, = X,^ — X/*"’ Thus the variables used above may 
be defined by the statement m addition to this that Q is amount of gas 
in moles, C concentration in moles per liter, if the refractivity coeffi- 
aent of the gas (t e , if C is the refractivity of the gas) and V is the 
0 ' 

volume of the system and 0 = ^ I’y defimtion 


Thus two experiments were performed, observing in the first in 
stance continuous respiration of approximately 4 97 thousand images 
in a dry system m successive intervals of 20 mmutes (up to 500 minutes 
when the amount of accumulated CO, was over one tenth of all gas 
present), and m the second observing respiration of approximately 
6 88 thousand imagos m a water saturated environment m a similar 
manner (intervals of 10 minutes being used, however) The tempera- 
ture was 24 2°C , approximately (in actual experience in the two ex- 
penments temperature observations made at the beginmng and end of 
each interval lay between 24 16 and 24 30°C in every instance) 
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The results of the two sets of observations are given in Tables II and 
in and presented graphically in Text-fig 1 It is of interest to note 
the approximation of the respiratory quotients for the whole penod of 


TABLE n 


Respiration of Drosophila imagos* m dry air, initially COo-free, in nulhinoles 
in 100 minute mtervals 


rune 

Carbon dioxide (approx ) 
total 

1 

Oxygen (approx.) total 

All gases (approx.) total 

mtn 

0 

1 

0 

7 8 

37 8 


0 9 

6 5 

37 4 


1 8 

5 3 

37 1 


2 6 

4 2 

36 8 


3 3 I 

3 3 

36 6 


3 9 

2 5 

1 

36 4 


* Aggregate number of imagos = 4 97 (10)®, approximately 


TABLE in 

Respiration of Drosophila imagos* in water-saturated air, m millimoles m 100 
mmute intervals 


Tune 

Carbon dioxide (approx.) 
total 

Oxygen (approx.) total 

All gases except HiO 
(approx ) total 

nxn 




0 

0 1 

7 3 

35 5 


1 4 

5 5 

35 0 


2 6 

3 8 

34 6 

290 

3 6 

2 4 

34 2 


* Aggregate number of imagos = 6 88 (10)®, approximately 


observation m the dry and the water-saturated expenences, being 
0 741 and 0 722, respectively In each mstance about two-thirds 
of the ongmal amount of oxygen was consumed 
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W Hydrolysis and Inactivation by Acm 

By JOHN H NORTHROP 

(From the Laboratories of The Rockefeller Institute for Medical Research, Princeton, 
N J) 

(Accepted for publication. May 20 1932) 

Expenments with crystalline pepsin already descnbed (1-3) shoiv 
that the crystalline protein has a constant and characteristic proteo 
lytic activity The proteolytic activity of vanous preparations is 
the same and cannot be changed by repeated recrystalhzation, partial 
solution in vanous salt concentrations, or by fractional diffusion 
The loss of activity when the protein is denatured by alkali corresponds 
to the amount of denatured protein formed and when this denatured 
protein is changed back to native protein the ongmal activity is re 
gained These results render it very improbable that the activity 
IS due to the presence of any non protem molecule adsorbed on the 
protem molecule since adsorption complexes in genera! do not have 
constant properties They indicate that the proteolytic activity is a 
property of this molecular speaes of protein, just as the pecuhar prop 
erties of hemoglobm are attnbutes of the molecule of the protein, 
hemoglobin In both cases the characteristic property is lost when 
the protem is denatured and regained when the protem is again 
brought into the native form (2, 4) In the case of hemoglobm it is 
known that the charactenstic properties are due to the presence of a 
speaal prosthetic group in the molecule and it is probable that the 
pepsm protem also contains some characteristic group to which its 
activity IS due There is at present no evidence as to the nature or 
even the existence of such a characteristic group and, owing to the 
difficulty of determining the structure in the case of proteins, it is 
difficult to obtain such evidence by the ordinary methods of structural 
chemistry The problem would be greatly simplified if a part of the 
protein molecule possessing even very shght activity could be spht 
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off The attempt was therefore made to hydrolyze pepsm under 
conditions which would not completely destroy the activity and to 
dpt e rmin e whether a solution could be obtained which was more 
active than would be expected from its content of protein If any 
of the spht products of the protein were appreaably active compared 
to the ongmal protem molecule the total activity of the solution would 
be higher than that calculated from its protein content 

Unfortunately the methods of hydrolyzing the protein are himted 
practically to dilute acid Several attempts were made to hydrolyze 
pepsin with trypsin at pH 6 which is as far on the alkahne side as it is 
possible to work without causing alkah mactivation The trypsin is, 
however, very rapidly destroyed by the pepsm and no hydrolysis of 
the pepsm could be detected so that there was no change m either the 
protein concentration or the activity when trypsm was added to pep- 
sm solutions Attempts to hydrolyze the protem with papam were 
also imsuccessful No hydrolysis of the pepsm protem or decrease in 
peptic activity could be detected Most of the protem present in the 
papam preparation used was very rapidly digested and there was a 
shght loss m papain activity so that the results indicate that papam 
IS digested by pepsm although very much more slowly than is trypsm 

Hydrolysis in Dilute Acid 

It IS known that pepsm solutions lose their activity slowly when 
allowed to stand in dilute acid and it was shown m the first paper (1) 
that this loss m activity was exactly eqmvalent to the amoimt of 
native protein destroyed, since if a saturated solution of the protein 
crystals is partially inactivated and then saturated again with the 
cry’^stals, the activity of the solution returns exactly to its ongmal 
value while the total mtrogen content increases to just the extent 
calculated from this mcrease m activity This is a very sensitive 
method smce the solubility is probably the most specific property of 
a protem It cannot be used, however, to foUow the hydrolysis very 
far smce the products formed by the hydrolysis, when present m 
considerable quantities, begin to affect the solubility of the crystals 
In the present experiments, therefore, the concentration of protem 
mtrogen m the solution was detenmned directly by precipitating the 
protein ■mth 2 5 per cent tnchloracetic acid and also by determimng 
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the quantity of protein which becomes denatured and insoluble when 
the solution is made alkaline This effect of alkali is a characteristic 
property of the pepsin protem and it seemed possible that the figure 
obtained m this way might differ from that obtained with 2 5 per 
cent trichloracetic aad since the latter reagent might preapitate other 
substances than the unchanged protem itself However, the results 
showed that exactly the same amount of protem nitrogen was deter- 
mined by both methods In addition, the amount of mtrogen preapi 
tated by phosphotungstic aad was also deterrmned The loss m 
activity was deterrmned by several methods 

TABLE I 

Decrease tn Activity and Protein Nitrogen tn Pepsin Solutions at DiJJerent pB 

5 gm three times crj-stalhzed pepsin stirred with 50 ml HjO and dissolved by 
addition of m/ 5 NaOH 5 ml of this solution added to 20 ml various eoncentra 
tions HCl solution kept at SS'C and analyzed for protein mtrogen (2 5 pet cent 
CChCOOH) and activity 




005 

OJO 

10 

20 

Approiimate 

pH 

4.0 

IS j 

J 

0 

-HIJ 

Hn &t 35 C 

1 

SiB 

[ '"'UU 1 

'■a 

. Bu 

1 «'>'U 

1 

1 

f ('■'’'ml j 

i 

Pi 

( H-UU j 

ki 

SiB 

1 '‘’'JU 

Gel 

Ed 

Gel 

Y- 

Ed 

V- 

Cel 

V 

Ed 

V- 

Gel' 
V' ! 

Ed 

>- 

Gel 

Y- 1 

Ed. 

V~ 

0 

24 


i 



11 

1 8 


ii 

1 i 

! ’ 


0 80 
0 23 

1 12 

1 4 



12 

1 1 



E£ecl of pH 

As a prehminary experiment a senes of solutions of crystalhne pep 
sin containmg different concentrations of hydrochlonc acid were kept 
at SS^C for 24 hours and the protem mtrogen per ml of solution pre- 
apitated with 2 5 per cent tnchloracetic aad was determmed at the 
beginning and the end of the expenment The results of this expen- 
ment are shown m Table I The table shows that the more aad the 
solution the more rapidly the protem is hydrolyzed so that with 2 
molar hydrochloric aad only about 10 per cent of the onginal protein 
IS present after 24 hours The table also shows that the decrease in 
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activity IS proportional to the decrease in protein nitrogen The 
effect of pH on the stability of the protein therefore is similar to that 
already found for crude pepsin preparations (5) 

Mechanism of the Reaction 

There are several possible mechamsms which could account for the 
hydrolysis of the protein under these conditions 

1 The reaction is analogous to ordinary acid hydrolysis of proteins 
and differs only in that it proceeds more rapidly than is the case with 
other proteins 

2 The first step in the reaction is the formation of denatured protein 
which IS then hydrolyzed by the acid 

3 The protein digests itself, or denatured protein is formed, by the 
acid and this denatured protein is then digested by the remaining 
active protein 

The results as a whole indicate that the reaction is simply a case 
of ordinary acid hydrolysis and that no denatured protein is formed 
The denatured protein is completely insoluble in solutions more acid 
than pH 3 and if such solutions are heated to boiling rapidly the 
protein is completely precipitated No precipitate appears m any 
of the solutions in the precedmg experiment and therefore no appreci- 
able amount of denatured protein is present In general, there is an 
optimum pH for the digestion of proteins by pepsin, while the dena- 
turation of protems increases with the concentration of acid and no 
optimum IS obtamed If, therefore, the first step in the reaction 
were the foimation of denatured protein by the acid and this dena- 
tured protein were subsequently hydrolyzed by the active enzyme, 
it would be expected that in very strong acid solution denatured pro- 
tem would accumulate m the solution since there should be a point on 
the acidity curve where the rate of digestion would be decreased by 
mcreasing acid while the formation of denatured protein would in- 
crease This is not the case and indicates quite strongly that the 
obser\''ed hydrolysis is not due to enzyme activity The evidence is 
not so clear in regard to the possibihty that denatured protein is the 
first step in acid hydrolysis itself It would be expected that the rate 
of hydrolysis of denatured protein would increase with the acidity 
just as does the formation of denatured protein If it is assumed. 
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therefore, that the denatured protein is more rapidly hydrolyzed 
than the native protem, then there -would be no accumulation of de 
natured protein at any degree of aadity and the results -would agree 
with this mechamsm As a matter of fact, if the protein is denatured 
by boiling and then kept at SO^C it is found to hydrolyze less rapidly 
than a similar solution -wluch has not been boiled The boiled protein, 
however, is present in the form of a preapitate and it could be sup 
posed that this was the reason for the slow rate of hydrolysis On the 
other hand, there is no e-vidence for the existence of any denatured 
protein m anv of the solutions at any time so that the assumption that 
the first step m the reaction consists in denaturation is hardly justified 
For the time being, therefore, the reaction will be considered simply 
as a case of ordinary aad hydrolysis 

Decrease m Protein Nitrogen and Activity at pH I S 

If any of the products of the hydrolysis of the pepsin were active 
their presence might be sho-im by changes in the relative velocity -with 
which the solution hydrolyzes difierent protems as well as by a change 
in the specific acti-vity of the protein in the solution with regard to 
one substrate In order to determme whether such changes, either in 
speafic acti-vity or comparative activity wnth different proteins, occur 
during the hydrolysis of the pepsin an experiment was earned out at 
about pH 1 8 and at SO’C m which the decrease in protem nitrogen 
and the decrease in activity were determined The actmty was 
measured by the change in -viscosity of gelatm, casein, or edestin, the 
rennet action on nulk, the formation of non protein mtrogen from 
casein and edesUn, the rate of increase in formol titration of edestin 
and gelatin, and also the digestion of hemoglobin 

About 2 gra of four times recrystallized pepsin was stirred into 50 ml of water 
and dissolved by tbe careful addition of 1 ml m/ 1 sodium hydroxide 10 ml of 
M/1 hydrochloric aod was then added rapidly and the solution placed at SO C 
10 ml samples -were -withdrawn at various tune intervals and 2 ml M/1 sodium 
acetate added in order to bring the pH to about 4 The samples were stored in 
the ice box until the experiment was completed and then analyzed for protein 
nitrogen and for activity bj the -various methods mentioned above 

The results of the experiment are sho-wn in Table II The table 
shows that the protein nitrogen, as determined by either alkah de 
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naturation or precipitation with 2 5 per cent trichloracetic acid de- 
creases from 1 9 mg per ml , its ongmal value, to 0 06 while the pro- 
tein nitrogen, as determined by precipitation with phosphotungstic 
acid decreases only to about 0 5 mg per ml The activity of tlie 
solution as measured by any of the methods decreases in almost exact 
proportion to the decrease m the concentration of protein nitrogen as 
determined by 2 5 per cent tnchloracetic acid This fact may be best 
shown by expressing the results in terms of the specific activity per 
imUigram protein mtrogen This figure is obtained by dividing the 
observed activity per ml of solution by the number of milligrams of 
protein nitrogen per ml of solution The results of the experiment 
calculated in this way are shown in Table II The table shows that 


TABLE n 


Hydrolysis of Pepsin at 50°C and pH 1 S 


Sara 

pie 

Protein nitrogen 
per ml 




p (Specific activity of protein N) 



Aik 

2 S 

ecu 

COOH 

Ph T 

Gel 

V- 

Cas 

V- 

Ed 

V- 

Cas 

V* 

Rent 

Cas 

5 

Ed 

5 

Cas 

F 

Ed 

F 

Gel F 

Hb 

1 




13 




73 X 10< 

SS 


0 16 

0 08 


0 18 

3 

jam 

0 60 

■ 

13 7 

1050 



69 X 10< 

la 

0 39 


0 08 


'tMia 

5 



0 50 

13 0 




71 X 10‘ 

0 46 


MM 



0 18 

6 



0 45 


980 

890 


71 X 10^ 


1 




0 18 


the specific activity, as measured by any of the eleven methods used 
remains constant, within the limits of error of the method, throughout 
the entire experiment They prove, therefore, that the activity is 
entirely due to the original protein remaimng in solution and that if 
any of the spht products of the protein possess any activity it must be 
less than 5 per cent of that possessed by the protein molecule itself 
The methods are not sufficiently accurate to detect changes in activity 
of less than 5 per cent and it is still possible that some of the split 
products may have a very low activity In addition to the constant 
activity the figures also show that there is no change in the relative 
actmty as determined vnth different proteins The expenment can- 
not be continued further since five hundredths of a miUigram protein 
nitrogen per ml approaches the Imut of accuracy of protem nitrogen 
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determinations although the activity measurements are very much 
more sensitive It is necessary, however, to be able to compare the 
activity with the protein mtrogen content and no informabon can be 
obtained from activity measurements made on a solution containing 
too little protein nitrogen to detenmne quantitatively 

E'VH^ERIMENTAL METHODS 

Activity Measiiremenls were made as already described (6) 

Protein Nitrogen Methods 

Z 5 Per Cent Trichloracetic Acid —1 ml of solution is added to 10 ml of 2 5 
tnchloracetic acid heated to 80®C for 10 minutes and then cooled The preapi 
tate IS centrifuged, washed three times with 2 5 tnchloraceUc aad, dissolved in 
dilute sodium h>drOTide The solution is washed mto the Kjeldahl flask and the 
total nitrogen determined 

Alkali Protein — 2 ml of the solution is added to 2 ml u/S sodium hydroxide, 
2 ml n/S hydrochlonc aad added and then 5 ml of a soluUon of u/2 sodium sul 
fate and ii/200 sulfunc aad The suspension is centrifuged, washed three times 
with the sodium sulfate solution the preapitate dissolved m dilute sodium h>drox 
ide, and the total mtrogen content determined by the Kjeldahl method 

Phosphotungshc Actd — Reagent — 15 gm of phosphotungstic aad dissolved 
in 5 ml concentrated h>drochlonc aad, made up to 100 ml with ethyl alcohol, 
and then made up to 500 ml with water 1 ml of the solution is added to 5 ml 
of this reagent, the suspension centrifuged, washed three times with the reagent, 
the preapitate dissolved in dilute sodium hydroxide and the total nitrogen content 
determined by the Kjeldahl method 

SUMMARY 

The decrease in protein nitrogen and in the activity of solutions of 
ciystalline pepsin at pH 1 8 and 45®C has been determined The 
decrease in activity, as measured with eleven different methods, is m 
exact proportion to the decrease of protein mtrogen of the solution 
The measurements were continued until less than 5 per cent of the 
ongmal protein remamed These results indicate that none of the 
spht products of the protein molecule possess any appreaable activity 
compared to that of the ongmal protem 
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Catalysts, by definition, affect only the veloaty of a reaction and 
the activity of a catalvst, therefore, should be expressed as a veloatv 
constant Since enzymes are generally considered to be catalysts the 
unit of enzyme activity should also be expressed as a velocity constant 
In order to do this, however, it is necessaiy to know the kinetic equa 
tion for the reaction In the case of most enzyme reactions this equa 
tion IS not known and it is therefore not possible to express the activity 
of the enzyme as a veloaty constant This is espeaally true of pepsin 
and trypsin It is necessary, therefore, to use some more or less arbi 
trary definition of activity and it has been found convenient in the case 
of pepsin to express the activity in terms of the initial rate of the reac 
tion due to the presence of the enzyme This definition of activity is 
useful for analytical purposes and may be used to compare the activity 
of vanous quantities of the same enzyme with the same substrate but 
cannot be used to compare the activity of different enzymes acting on 
different substrates 

Proteolytic activity, as defined m this way, corresponds to the 
measurement of optical activity and refers to a property of the solu 
tion The activity caused by umt quantity of a preparation is called 
the specific activity and m this paper is expressed as units of activity 
observed per mg protein nitrogen added in the enzyme preparation 
The speafic activity is abbreviated as (P U In general the umts 

are smular to those used by Euler (1) and Willstatter (2) 

Selection of Methods 

The methods desenbed m the present paper have been developed m 
connection with the study of the punfication of pepsin and have been 
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chosen from a large number of possible methods with regard to their 
accuracy, convenience, and significance When a protein solution is 
acted upon by pepsin a number of chemical and physical changes occur 
and it cannot be told beforehand whether or not these different changes 
are due to different enzymes It is advisable, therefore, to use more 
than one change in the properties of the protein solution so as to detect 
the possible presence of more than one enzyme For the same reason 
it IS advisable to determine the activity with more than one protein 
It was found, for instance, m the progress of the punfication of pepsin 
that one fraction was extremely active in the liquefaction of gelatin 
(3), whereas it was not especially active in changing its chermcal prop- 
erties The presence of this specific enzyme would not have been 
suspected had not the detemunations been made m several different 
ways 

The first effect of pepsin on protein solutions is a very rapid decrease 
in viscosity accompanied by a slower decrease m the quantity of nitro- 
gen present m the form of protein and by a stiff slower increase m 
the number of titratable carboxyl (or ammo) groups The optical 
activity and conductivity also change but the three former properties 
have been selected as charactenstic of the various changes occurring 
dunng the digestion of a protein solution 

The method of determimng the activity by the change m viscosity 
has the advantage of rapidity and accuracy (4) Four or five deter- 
minations may be completed in less than an hour and comparative 
detemunations may be made with a probable error of less than 5 per 
cent Wrhen the determmation is made at different times with solu- 
tions prepared from vanous samples of proteins the variation is quite 
marked and may be 100 per cent owing to the difficulty of preparing 
protein solutions of the same properties at different times with differ- 
ent protein samples Gelatin preparations are, however, qmte repro- 
duable and the change in the viscosity of gelatm has been found to be 
one of the most accurate, convement, and reproduable methods The 
change in viscosity has the disadvantage that there is some question as 
to its physical sigmficance and especially as to its relation to the chem- 
ical changes (5, 6) 

The method of determmmg the formation of non-protein mtrogen 
(i c , nitrogen not precipitated by 10 per cent tnchloracetic acid) is 
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more troublesome than the viscosity method It has the further dis 
advantage that the quantity of non protein mtrogen produced has no 
simple relation to the quantity of enzyme eacept when very small 
amounts of enzyme are used and under these conditions the detemuna 
tion IS not very accurate Like the viscosity method, the formation 
of non protein mtrogen gi\ es results which cannot be directly inter 
preted in terms of the chemical changes 

The method of determining the digestion bv the increase in carboxyl 
(or armno) groups is much better in this latter respect since the chem 
ical sigmficance of this measurement is clear The method is not 
especially accurate or convenient and the titration has to be carried 
out with considerable care owing to the fact that the increase in 
carboxyl groups is a very small per cent of the total titration of the 
solution As in the case of the formation of soluble nitrogen, the 
increase in the formol titration is not proportional to the quantity of 
enzyme except with very small amounts of enzyme which again yield 
very small and uncertain titrations 

Selection of Proteins 

Gelatm, edestm, casein, and a standardized solution of dried milk 
have been selected for the activity tests since these solutions represent 
■widely different classes of proteins and are the most easily obtainable 
m preparations of more or less constant properties In addition to 
these methods a colorimetric method for determming the formation of 
soluble tryptophane and tyrosine from hemoglobin has been developed 
by Anson (7) 

Activity Units 

An ideal umt of actmty should contain factors for all the vanous 
conditions affecting the activ ity of the enzyme so that a constant figure 
for the acbvity would be obtained no matter how the determmation 
was earned out There are so many factors affecting the rate of pep 
tic digestion, however, that it is not possible to collect them aU into 
one constant factor and it is necessary to select arbitrary standard 
conditions for the determination In fixing these conditions it is 
necessary to consider the constancy with which they can be repro- 
duced and the danger of acadental vanations, such as changes m the 
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pH, etc After these conditions have been selected it is again neces- 
sary to make an arbitrary selection of the umts in which the activity 
IS to be expressed Since changes in different properties of the protem 
solutions are measured by various methods, it is necessary to use dif- 
ferent dimensions for the activity units for the separate methods 
The following defimtions have been selected 

Umt of Pephc Achmty as Defined by Changes in Viscosity of Gelatin, 
Casein or Edesiin Solutions [P U ^ — One umt of activity is 

defined as a change in the specific viscosity of the standard protein 
solution at 35 5°C at the rate of 1 per cent per rmnute, and the quan- 
tity of material possessing one umt of activity is that quantity which 
will cause this rate of change in the viscosity when contained in 5 2 ml 
of the standard digestion nuxture This value is deterrmned from the 
initial slope of the viscosity-time curve as described m detail below 
The activity is expressed as per cent change since this value is nearly 
independent of the protem concentration The temperature is fixed 
at 35 5°C since at this temperature the viscosity of gelatin remains 
constant with time while at higher temperatures it decreases and at 
lower temperatures it increases 

Coagulation of Milk {P — In the case of the coagulation of 

milk the viscosity time curve is not straight but curves upward rapidly 
so that the initial slope cannot be determined as is the case with the 
preceding determinations The percentage increase in the viscosity is 
therefore determined arbitrarily from the point at which the specific 
^ascoslty is doubled and is obtained by dividing 100 by the tune in 
minutes required to cause this change The physical significance of 
this figure is evidently the percentage increase m the viscosity per 
minute which would be obtained if the increase in viscosity with time 
were linear over this range 

Activity Units As Determined by the Formation of Soluble Nitrogen 
[P U ^ — One unit of activity is defined as the liberation of non- 

protein nitrogen at the rate of 1 milliequivalent per minute at 35 5°C 
in 6 ml of standard digestion mixture, and the quantity of material 
possessmg one unit of activity is that quantity which will cause this 
rate of change in the formation of non-protein mtrogen when contained 
in 6 0 ml of the standard digestion mixture In this case actual rather 
than per cent change is used since the former is more nearly indepen- 
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dent of the protein concentration The figure mav be obtained by 
interpolating from a senes of determinations made with small amounts 
of enzyme at various times or from the imtial slope of a curve obtained 
by plotting the change caused by increasing quantities of enzyme after 
the same time mterval 

Activity Units dr Defined by the Increase tn Formal Titration 
[P U ^ — One unit of activitj is defined as an increase in carboxyl 

(or ammo) groups in 6 0 ml of the standard digestion mixture at 
35 5°C at the rate of 1 milhequn’alent per minute, and the quantity of 
matenal possessing one unit of activity is that quantity which will 
cause this rate of change m the formation of carboxyl groups when 
contained in 6 0 ml of the standard digestion mixture This figure is 
obtamed m the same way as that for the increase in soluble nitrogen 
It represents either the increase in carboxyl groups or the increase in 
ammo groups, dependmg upon whether or not the zwitter ion theorj 
of proteins and aimno acids is correct According to the classical 
theory it measures the carboxyl (acid) groups 

EXPERIilENTAt PROCEDTTRE 

I Viscosity 

Standard Protein Solution 

Gelatin —12 5 gm air dry isoelectnc gelatin prepared as desenbed b> Northrop 
and Kunitz (8) IS stirred into 200 ml of water the suspension warmed to 45 C and 
made up to 500 ml A few crystals of thymol are added and the solution kept 
in the ice box The relative viscosity of this solution should be between 2 1 and 
2 3 at 35 5°C The solution may be kept without change for sev eral weeks at S°C 
but the viscosity decreases slowly at 35 5"C so that only suffiaent of the solution 
IS warmed to 35 5*^0 for 1 day s use Isoelectric gelatin is used rather than acid 
gelatin since the viscosity of acid gelatin changes quite rapidly Also the viscositj 
of isoelectnc gelatin solutions is more easily reproduable and less sensitive to slight 
changes in pH and espeaallj to the addition of small amounts of salts Very much 
larger quantities of enzyme than would be required at pH 2 are needed and this 
also IS an advantage smee it obviates the necessity of making very high dduUons of 
the enzymie solution used 

Casein Solution — 25 gra of Kahlbaum s casein (according to Hammersten) are 
stirred into 500 ml of water at about 40®C care being taken to avoid the formation 
of large lumps 25 ml of molar hydroeWone acid arc then added slowly and the 
solution stirred until the casein is all dissolved The flask is then placed in boiling 
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■water for | liorir and then removed and kept in the ice box The relative •viscosity 
of this solution should be about 4 It ■vanes, ho'we\ er, considerably ■with different 
casein preparations and espeaally vnth the length and temperature of heating 
If tbe solution is not heated the -viscosity is much higher but changes quite rapidly 
at 35°C -which necessitates a large and uncertain correction The determmations 
made -uath the same casern solution maj be reproduced within ± 5 per cent but 
different casein solutions prepared from -vanous samples of casein ma}^ give i-alues 
diffenng 100 per cent, especialli in the value for the positive viscosity change 

Edcstvi — 25 gm of crj’-stalhne edestm recri stalhzed from NaCl at 50°C are 
stirred into 500 ml of water at about 40°C and 35 ml m/1 hjdrochlonc acid added 
and the solution stirred imtil the edestm dissolv es The flask is then immersed m 
boilmg water for ^ hour and the solution kept m the ice box The relative lus- 
cositi of this solution should be about 2 2 It remains constant mdefimtely m 
the ice box and changes only verj’- shghtly at 35 5‘’C The change in viscositi of 
this solution IS veri regular and comparative results are accurate to ± 2 or 3 per 
cent when made with the same edestm solution As m the case of casern, however, 
the different solutions prepared from different lots of edestm may give qmte 
different results The viscositj is also sensitive to the length of Ume and tempera- 
ture of heatmg as m the case of casein 

Milk — A. number of attempts were made to prepare a reproduable casein solu- 
tion for the measurement of the rennet actimty The results, however, were 
extremeh -variable as were determmations made -with different samples of milk 
Solutions may be prepared from dned nulk powder (“Khm”) which are qmte repro- 
duoble when prepared from the same onginal sample and which do not -vain ex- 
cessivel} when prepared from different samples 50 gm of the milk powder is 
stirred mto 500 ml of water at about 40'’C 50 ml of ir/l, pH 5 acetate buffer 
added, and the solution kept in the ice box until wanted Great care must be taken 
to ai Old contammation with the shghtest amount of active enzyme as exceedmgly 
rmnute quantities of pepsin will cause verj’ marked changes m the nscosity of this 
solution The specific -viscositi of the solution should be about 17 It mav be 
kept for several weeks in the ice box or for several hours at 35 5®C without 
vanation 

TeeJ niqiic of the Dcicrminalxon — ^The methods used for measuring the change 
in vnscositv are the same for all the vanous solutions and one descnption will serv e 
for all Ostwald tvpe vuscosuneters are used If reproduable results unth differ- 
ent instruments are to be obtamed it is necessar) that the tune of outflow be long 
enough to giv e real vuscositv measurements, ; c , at least 20 seconds should De 
required for the passage of 1 ml of water It is convement to cany' out four deter- 
minations simultaneousli and the subsequent calculations are much simpler if the 
four vTScosunelers used all hav e the same tune for the outflow of water The ordi- 
nary ty pe of viscosimeters supphed by apparatus manufacturers contain 2 ml with 
a dehv erv time of about 70 to 80 seconds They are damped v ertically m a row m 
a glass-v\ ailed thermostat set at 35 5®C = 0 05°C The pipettes are -washed and 
dned while in position bv drawmg through water and then acetone Since the 
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capilbnes are rather fine m these instruments it is necessary to filter all solutions 
through hard filter paper as any small particles such as shredb of filter paper will 
clog the capillary This is the most troublesome source of variation in the 
measurements It is also necessary to use accurate stop-watches as measure 
ments are made to 0 2 of a second and irregularities in the curve hav e frequently 
been traced to erratic stop-watches 

5 ml of the protein solution is pipetted into a 50 ml test tube and allowed to 
remain in the water bath until it has reached the temperature of the bath 0 2 ml 
of the solution to be tested is then added to the 5 ml protein solution and the 
time of addition noted The tube is shaken and contents poured into the wide 
arm of the viscosimeter The liquid is drawn up mto the bulb with gentle suction 
so as to avoid air bubbles and the time of the outflow measured with a stop watch 
The time at which the viscosuneter is about one half empty is also noted and this 


TABLE I 

Cakulalion oj Pepitc Actmtvjrom Vucoitty Tme Curves 


Method 

'C/ueh V- 
1 control ' 

1 1 

Ceseln 1 

Casein 1 

Rennet 

EdesUn V 

Gelatin V 

A V 

mm 



0 65 


0 024 

V 

3 14 


3 14 1 

0 64 

1 326 

1 05 

A t mm 

10 

10 

10 

24 1 

10 1 

10 

[P U I'’'""'" ' 5 2 ml 

digestion mixture 

Mg pepsm N per S ml 

0 u 

0 35 

3 8 

4 17 

0 285 

0 23 

protein solution 

0 : 

2 X 10-* 

1 X io-> ] 

1 X 10-* , 

4 X 10-< 

2 X lO-* 

rp TT 11 rot. V 

L‘ Jmg pepsin N 

1 

1100 

380 1 

420 000 1 

700 1 

11 5 


Pepsin unit = [P U ' « % change in additional viscosity per nun « ~ 

V Ax 


time is taken as corresponding to that of the viscosity reading As soon as the 
liquid has run through the viscosimeter it is drawn up again and another measure 
ment made In this way a senes of times of outflow are determined at mtervals of 
about 5 or 6 minutes The specific viscosity corresponding to these readings is 
then calculated by Equation I and these figures are plotted against the elapsed 
time 


tpuf'""'”'' 


per cent change in viscosity per mm 


lOQAK |00(< ~t t) 
Vo^T - t 


i outflow time for solution at begmmng this is determined by extra 
pointing to 0 Lme 

t t « outflow time for solution at time I 
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Fig 1 Change in specific \nscosit3’^ of milk, edestin, and gelatin solutions with 
diflerent quantities of cn stalhne pepsin 

/’'ho = outflow tune for water 

t = time in mmutes since enzjTiie solution IS added 
t" 

Speafic \nscosit\ = 1 1 

An example of the curv es obtained m this wai with the vanous proteins are shown 
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Fig 2 Changes in viscosity of casein solutions with different quantities of 
crystaUine pepsin 

in Figs 1 and 2 ^ The number of acUvitj units present are calculated from the 
slope of these curves as shown in Table I The calculation has been earned 


^ The curves for the change in viscosity of standard milk previously published 
(Northrop, J H , / Gen Physiol 1931 16, 41) referred to Parke Davis V sj* 
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out only for one concentration of enzyme but it can be seen from the slopes of the 
curves that the rate of change of the viscosity is very nearly proportional to the 
quality of enzyme present 

In calculating the value for the increase of viscosity with casein the slope of the 
viscosity- time curve is measured at the time when the viscosity has returned to its 
original value The time required for the viscosity to return to this point could 
be used as a measure of the speed as has been done by Holter (9), but in this 
laboratory this figure appears to vary more with different preparations than does 
the slope of the line 

11 Dctcrminakoii of Achmty As Measured hy the Produchon of Non- 

Pi otein Nitrogen 

Protein Solutions 

This determination is made only with casein and edestin and the same solutions 
are used as for the viscosity measurements 

In order to obtain a figure for the activity which will be independent of the quan- 
tity of the enzyme and of the time of the determination it is necessary to choose 
conditions under which the rate of the reaction is directly proportional to the time 
and to the quantity of enzyme This relation holds only in the very first part of 
the reaction It is necessary therefore to work either with very low concentrations 
of cnzvme or very short time intervals Two general methods are possible The 
increase in the formation of soluble nitrogen at different time intervals may be 
determined and the initial rate of increase interpolated from the curve obtained 
in this wa}', or the increase in soluble nitrogen at the end of a constant time inter- 
val V itli var} ing amounts of cnz 3 'me maj”^ be determined and the rate of formation 
of soluble nitrogen with small amounts of enzyme interpolated from the initial 
slope of this curve The activity for any one preparation of enzyme, as deter- 
mined b\ these two methods, agrees within a rather wide experimental error It is 
neccssaiv' when testing the activitv of an unknown solution to measure more than 
one concentration of enz 3 'me since in order to be significant the specific activity 
must be independent of the quantity of enzyme used for the determination and 
this can onh be determined by making the test wth more than one quantity 
This is especialb true of the method by which the change after the constant time 
intcr\-al is used since the curves obtained in this way vary considerably with the 
punt\ of the enz^ me preparation 


1 10,000 pepsin and not to cr 3 Stallinc pepsin as the legend states The unit of 
actn it% for the rennet action (page 42 of the paper just quoted) is also incorrect 
and should read “per cent change in additional viscosity of standard milk per 

V I t'c" 



JOHN H NORTEEROP 


51 


Technique of the Determination 

1 Determinatxonfrom tht Imlxal Rate of Digeslxon — 1 0 ml samples of the pepsin 
solution are added to a senes of tubes containmg 5 ml of the protein solution at 
35 5®C A blank determination must be made with each pepsin solution by adding 
1 ml of a solution of pepsin which has been boiled for 5 mmutes 5 ml of 20 per 
cent tnchloracetic aad is then added to the tubes at successiv e time intervals, the 
suspensions arc filtered and total nitrogen in 5 ml of the filter is determined b> 
the micro Kjeldahl method The quantity of non protem nitrogen in 6 ml of the 
ongmal digestion mixture is calculated from this figure, corrected for the blank 
determination, and plotted agamst the time m minutes at which the samples were 
taken The activity, by definition, is then determined as the imtial slope of these 
curves and the speafic activit> of the cnzvme sample tested is this slope di\ ided by 
the quantitj of enzyme present An example of an experiment in which this 
determination was made with a preparation of cr> stallme pepsin and with casern 


TABLE II 


Cdcuhlxon of Peptic Activity from Non Protem Nitrogen Tme Curves 


ProWm 

I CaseiQ 

1 Edettin 

Ml n/SO N per mm (from initial 




1 0 16 j 


1 

slope) 

0 4 

1 1 

1 9 


0 34 

iSI 

Mg pepsm N 

0 022 

0 05 

0 10 




Activity per mg pepsm N 





1 



0 36 

0 44 




1 0 36 


and edestin is shown in Fig 3 and the calculation of the activity is given m Table 
II The figure for the specific activity obtained m this wav is mdependent of the 
quantity of the enzyme used, within the error of the method 

JI Determination of the Activity from the Qmntity of Digestion after 1 Bour — 1 0 
ml of the pepsin solution containing varying amounts of pepsm is added to a senes 
of tubes containing 5 0 ml of the standard protein solution, and digestion allowed 
to continue for 1 hour at 35 S®C The solutions are then analyzed as desenbed for 
the preceding method and the quantity of soluble nitrogen per 6 mk of the ongmal 
digestion mixture plotted agamst the quantity of pepsm used The specific activity 
of the preparation is determined from the initial slope of this curve as m the pre 
ceding method Standard curves as determined in this way with 03 stallme 
pepsin and with casern and edestin are shown m Fig 4 The cur\es for casern 
and for edestin with the two particular samples of proteins used m this expen 
ment are identical The activity as determined from the initial slope of this curve 
IS about 0 46 milbeqmvalents per minute per milhgram protein mtrogen, which 
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agrees -vMth the value obtained from the time curves^ by the preceding methods 
In other words, 1 mg of crystalhne pepsin nitrogen has an activity of 0 46 units by 
this method In determining the activity of an unknown solution the equivalent 
number of milligrams of ci^fstallme pepsin nitrogen corresponding to the increase 
m non-protem nitrogen is read from the curve and this figure times 0 46 gives the 
number of activitj’- units m 1 ml of the unknown sample 



Tig 3 Increase in non-protem nitrogen from edestm and casein solutions with 
diflcrent quantities of cn stallme pepsin 

Fig 4 Formation of non-protem nitrogen from casein or edestm after 1 hour 
at 35 S’C vith different quantities of crj’’stalline pepsin 


This experiment is simpl\ a result of the fact that the extent of enzyme reac- 
tions in general is deteinuned bj the product of the enzjTOe concentration into 
the time during which it acts For instance, if Ei concentration of enzyme acting 
for Fi minutes causes the reaction to proceed A. units, then any other pair of 
\ alues of ZT and T, such that ET = EiTi, will cause the same amount of reaction, A 
T he curves for different quantities of en 2 rvme after the same time, and the curve 
for the same amount of enzv me at different times could, therefore, be combmed 
into one cun e in which the amount of digestion was plotted against the product of 
the cnz\ me concentration into the time 
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III Method of Deierminaiion of Aclmlv by the Increase tn Formal 
Titration 

Protein Solutions 

Gelatin — ^30 gm air dry isoelectnc gelatin dissolved m about 400 mL of water 
at 40®C , 29 ml of m/ 1 hydrochlonc aad added and the solution made up to 500 
ml The pH of this solution should be approximately 2 5 

The same cdestin and casein solutions were used as for the other methods 

Technique of the Determinations 

1 Method oj Determining Acimly front Time Cunes — 1 0 ml of the pepsm solu 
tion IS added to a senes of test tubes each contaimng 5 0 ml of the standard pro 
tern solution At various time intervals 5 0 ml of strong sodium hydroxide 
IS added to the mixture The strength of the sodium hydroxide is adjusted by tnal 
until 5 0 ml IS just suffiaent to bnng the solution to a faint pmL to pbenolphthalein 


TABLE m 

Calculation of Peptic Activity of Crystalhne Pepsin by Fortnalton of Non Protein 
Nitrogen from Initial Slope of I Sour Cunes 


Proteia 

Cue a 

EdesUn 

Ml N/SONperhr per 6 0 ml solution (from imtial slope) 

1 0 

7 0 

‘9 miilfeqmvaleots per nun fP U ^ 

0 0023 

0 0023 

Mg pepsm N 

\ 0 005 

0 005 

Activity per mg pepsm N (P U l^^ff 

0 46 

0 46 


The alkab should be run carefully down the side of the tube so as not to mix with 
the protem solution After the 5 ml of sodium h> droxide has been added the tube 
IS shaken quickly This procedure prevents the formation of large clumps of pre 
cipitated protein The tube is then shaken gently until all the protem precipitate 
IS dissolved, 1 0 ml of 40 per cent formaldehyde solution is then added and the 
solution titrated to match the standard solution with N/50 sodium h> droxide 

A blank determination is earned out with a sample of the pepsin solution which 
has been inactivated by boiling 

Preparation of the Titration Standard (10) — ^The greatest difficulty with the 
formol titration as usually earned out is due to the fact that the color of the solu 
tion does not exactly match the standard This difficulty can be avoided by mak 
mg the standard out of another sample of the solution itself To prepare such a 
standard a sample is run m the same wav as for an actual determination 1 drop 
of 0 1 per cent pbenolphthalein and a large excess of alkali is added so that the 
indicator develops its maximum color In titrating the unknown 1 drop 
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of 0 5 per cent phenolphthalein is used and the titration conbnued until 
the unknown exactly matches the standard By this method the end-point can 
usually be deter min ed to less than ± 0 05 ml n/50 sodium hydroxide The 
difficulty with this method is that the total titration is very large so that if it were 
earned on entirely vath fiftieth normal alkah a large volume of alkah would be 
required and the end-point would be very uncertain This difficulty is avoided by 
using a small volume of concentrated alkali to neutralize most of the acid and 

TABLE IV 


Caladation of Peptic Activity from Fonnol Titration Tune Curves 


Protein 


Gelatin 



Casein 


Edestin 

1 . 


Ml ^/50 fonnol 
titration per 

min 

0 05 

0 075 


0 17 


0 10 

1 

0 18 

0 40 

0 05 

0 10 

0 25 

Mg pepsin ni- 
trogen 

0 60 

1 0 

H 



0 020 

0 04 

0 09 

0 005 

0 on 

0 028 

Milhequivalents 
titration per 
mm per mg 
pepsin N 

0 0016 

0 0015 

0 0010 

1 

0 11 

0 10 

0 09 

0 09j 

0 20 

0 18 

0 18 


TABLE V 

Calculation of Pcp'ic Activity of Crystalline Pepsin by Fonnol Titration from Initial 

Slope of 1 Hour Curves 


Protein 

Casein 

1 

Edestin 

Gelatin 

Ml N/50pcrhr per 6 0 ml digestion mixture 
(from initial slope) 

Bi 

2 0 

0 5 

= millicquu alents per min = (P U ^ 


0 00066 

0 00017 

Mg pepsin nitrogen 

0 01 

0 004 

0 2 

AcU\ itj per mg pepsm N [P U 

0 07 

0 16 

0 00085 


finishing the titration vith dilute alkali It is necessary to measure the concen- 
trated alkali to 0 01 ml vhich can best be done by means of a delivery pipette 
graduated both abo\e and below the bulb It is also necessarj-- to measure the 
5 ml of protein solution with the same accuracj'^ smee a small error in this volume 
affects the final titration \alue \er> markedly owung to the high acidity of the 
solution Owang to changes in the \Tscosity of the protein solution samples cannot 
be measured wath suffiaent accurac} if the digestion is earned on in a large volume 
and 5 0 ml samples pipetted out at different times 





















Fig 5 Fig 6 


Fig 5 Inaease m formol titration of gelatin, casein and edestin with different 
quantities of crystalline pepsin 

Fig 6 Increase m the formol titration of gelatin casein, and edestin after 1 
hour with different quantities of crystallme pepsin 
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2 Method of Detcnntmng Actiinlyfrom the Ttiration Values — ^The increase m the 
titration per 6 0 ml of the digestion mixture is plotted against the tune of digestion 
and the activity determined from the initial slope of this curve exactly as in the 
case of the non protein nitrogen method A senes of determinations made in this 
wav with ciyTstalbne pepsin and with casein, gelatin and edestin are shown m Fig 5 
and Table IV The specific activity is independent of the quantity of enzyme 
within the rather wide error of the method 

J Method of Determining the Activity from the Amount of Digestion after 1 Hour 
at 3S 5®C — A standard curve for the increase m the forraol titration after 1 hour 
with various quantities of the enzyme is prepared in the same way as for the non 
protein nitrogen method The specific activity is calculated from the imtial slope, 
as described above and determinations with an unknown sample are made by 
interpolatmg from the curve as desenbed for the previous method The curves 
obtained with cr>’StaUine pepsin and with casein edestin, and gelatm are shown 
m Fig 6 and the calculation of the speafic aaivit> m Table V 

Accuracy of the Formal and Non Protein Nitrogen Methods 

In comparative experiments with the same protem preparations the activity 
of an unknown solution may be determined with an accurac> of about ± 5 per 
cent for one determination but different casern and especially different edestin 
preparations var>, for some unexplained reason quite considerably The value 
obtained with gelatin is much more constant with different gelatin preparations but 
the expenmentai error is greater than with casein or edestin owing to the small 
titration value A summary of the specific actmt> of several preparations of 
crystalhne pepsm as determined by these methods is shown m Table VI The last 
line of the table gives the concentration of the solution of crystalline pepsm used 
for the determination The table shows that the activitj of the vanous prepara 
tions as measured by any one method is qiute constant except for the casein F+ 
method and the casern and edestin formol titration With these methods the 
values for the activity found with the last preparation is considerably higher than 
that found for the first preparation reported A sample of the first preparation 
had been preserved m gl> cenn m the ice box and when measured with the protem 
solutions used to determine the activit) of the last preparation showed the same 
activity The variation, therefore is due to variation in the protein solutions 
rather than in the pepsm The activity units used m this table are the same as 
those used m the paper on the preparation of gelatinase (3) except that the present 
ones are expressed as activity per milhgrara pepsin nitrogen while m the paper 
referred to the activity was expressed as per gram nitrogen They differ, how 
ever from the activity units used in the first paper on the activity of crystalline 
pepsm (11) since m that case the activity as determined b> changes in viscosity, 
was arbitrarily assumed to be numencallj equal to that determmed b> formol 
titration 
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SUMMARY 

Experimental methods are described for determinmg the activity 
of pepsin preparations by means of changes m the viscosity of gelatin, 
casein, edestin, and powdered milk solutions, and by the rate of forma- 
tion of non-protem nitrogen from casein and edestin solutions, or by 
the increase in formol titration of casein, edestin or gelatin 

Activity umts for pepsin are defined in terms of these measurements 
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A number of methods have been described for the estimation 
of peptic activity, many of which are accurate and convenient for 
comparative experiments but none of which give results which are 
accurately reproduable with different preparations of the protein 
used This vanation is due to the difficulty involved in obtaimng 
reproduable protein preparations and keepmg them unchanged 
Hemoglobin has been chosen as the protein substrate for the esti- 
mation of pepsm because it is easily prepared in large quantities, 
because it can be stored m solution for a long time without change, 
because it is rapidly digested, and because the rate at which it is 
digested by a given pepsm solution does not vary from one hemoglobin 
preparation to another Not only is hemoglobm a reproduable pro 
tein which can be brought to reproduable conditions but the conditions 
of digestion have been so chosen that reasonable vanations in these 
conditions have little effect on the amount of digestion 
In general the procedure used to estimate pepsm is this A pepsm 
solution IS added to aadified hemoglobm After 5 imnutes tnchlorace 
tic aad IS added The resulting precipitate which contains all the 
pigment and all the undigested hemoglobin is filtered off The fil 
trate contams an amount of digested hemoglobin which is a measure 
of the amount of pepsin used This digested hemoglobin is estimated 
by the blue color it gives with the phenol reagent, which reacts ivith 
tyrosme, tryptophane and cysteine groups, tyrosine being used as a 
standard The intensity of this color is proportional to the amount 
of enzyme used and to the time of digestion 
Definition of Activity [P U ]*”’ — One unit of acti\it> is defined as 
the formation per minute at 35 5°C in 6 ml of the standard digestion 

S9 
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mixture of an amoimt of digested hemoglobin not predpitable b}* 
tnchloracetic aad which gives the same color as 1 milheqm\-alent 
of t}TOSine and the quantity* of material possessmg one unit of acti%'it3' 
is that quantit}- which will cause this rate of change in the formation 
of digested hemoglobm when contamed m 6 0 ml of the standard 
digestion mixture (see Northrop, 1932 for a discussion of the dehni- 
tion of pepsm umts) 

In detail the procedure i= tins 5 mL oi a 2 per cent solution of dial\-zed ox car- 
bon rnorovde hemoglob''n in 0 06 x HCl are pipetted into a 175 X 20 mm test 
tube and brought to 55 5'C or 25'C 1 mb of enzyme solution is added with an 

Oitwald pipette, which procedure takes about 4 seconds The rmdale or the 
p petting penod is ta^en as the tune of beginning To mix the hemoglobin and 
enm-me solution the test-tube is whirled, .^fter 5 minutes 10 mb of 4 per cent 
tnchloracetic aad are poured mto the hemoglobm solution from another test-tube, 
the si.spcns’on is poured back and forth from one test-tube to another, and filtered 
througn fine paper To 3 mb of the filtrate m a 50 mb Erlenmeyer fiask are added 
20 ml of water, 1 ml of 3 S5 v XaOH, 1 ml of the phenol reagent (Folm and 
C’ocaltcau 1927) Some of this XaOH is to neutralize tnchloracetic acd. The 
phenol reagent and XaOH are added from automatic pipettes {.\. H Thomas Co — 
Xo S210i Tne standard is made up from 3 mb 0 1 x HCl containmg 0 15 mg 
t\Torne ^ .\fter 5 to 10 nunutes the blue colors are compared the standard 
so’uLion being set at 20, ana the reaamg for the unknown solution bemg called X 

In addition to 0 15 mg txTOsme the standard solution contains 
from the reagents an amount of color-pro duemg substance equivalent 
to 0 015 mg txTOsme - The color-producmg substance m the 3 ml 

20 

of filtrate is therefore eqmvalent to (0 15 -r 0 015) mg t^mosine 

Of this 0 015 mg are due to the color-producing substance m the re- 
agents and 0 01 mg to the color-producmg substance present in the 
tnchloracetic aad filtrate even when no enzxmie is added The di- 

^ Copper rdfate can be used as a standard instead of the blue solution obtained 
from t-w>si~e wi Ji the phenol reagent. The colors match u a rea color filter is 
used 

- The reagent blan’ .s rot mcasuiaD^e. It is deduced from the tact that colors 
g'\cn D_ ti—os re so’utions m tne relati»eb low range of concentrations used are 
ro* p'opo't.onal to the twosme concentrat.ons — doaobrg the Uwosme concentia- 
t ■' c>nreases D. seme 5 per cent the co^or g-ven per unit amount of twosme 
YiTemcr im: cen_ct.on c a reagent b’anb eaai*-alent to 0 015 irg Puosme .s 
cc~!.-c. c* ro* mzies no s gmneant cine^ence to the imhciV o, the calculations 

r cr "C-L. -ne a co— ect-on 'o* tne smab cevanon frem n'cpc't.onab.> 
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gested hemoglobin m the 3 ml of filtrate is therefore equivalent to ^ 

(0 IS + 0 015) —0 015 —0 01 mg tyrosine This value must be 

multiplied by — to obtain the digested hemoglobin m the whole 16 ml 

of filtrate instead of in the 3 ml taken for analysis, it must be divided 
by 5 to obtain the amount of non precipitable digested hemoglobin 
produced in 1 minute instead of in 5 minutes, and it must be divided 
by 181, the molecular weight of tyrosine, to obtain the tyrosine equiva- 
lent as miUiequivalents instead of as milligrams The relation be 
tween the number of pepsin units m 1 ml of enzyme solution and the 
colorimeter readmg A is thus 

P U =rv(015-l-OOIS)-0015-OOlli^XjX-|--^^^-OOOOU7 
( i 13 5 lol X 

If the digestion is earned out at 25°C at which temperature it is 1 82 
times slower than at 35 5'’C the nght hand expression must be multi- 
phed by 1 82 since the unit of activity is defim d as the rate of reaction 
at 35 5°C By the use of a curve in which P U is plotted against A , 
one can m practice avoid all calculations 

In the table ate recorded actual estimations m terms of pepsin units 
of the activities of a senes of solutions of five tunes recrystalhzed 
pepsm The constancy of the speafic activity, that is the activity 
per mg protein nitrogen per ml , is an expression of the fact that the 
amount of non precipitable color forming substance liberated from 
hemoglobm is proportional to the pepsin concentration 


Protdn N per ml. 
pepsin solution 

Activity units 

IP 

Specific ocuvlty 

3SJ C 

25 C 

353 C. 

25 a 

m 





0 0180 


0 00326 


0 181 

0 0144 


0 00260 


0 180 

0 0108 

0 00194 

0 00206 

0 180 

0 191 

0 0072 

0 00134 1 

0 00136 

0 185 

0 189 

0 0054 

0 00100 1 

0 00103 

0 185 

0 191 

0 0036 

0 00065 ' 

0 00064 

0 180 

0 178 

0 0018 

0 00034 j 


0 189 





i Average 

0 184 
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The Prcparalwn of Hemoglobin — Carbon monoxide is bubbled through whipped 
ox blood The blood is centnfuged and the serum and white cells siphoned off 
After the corpuscles are washed four bmes with cold 0 9 per cent sodium chlonde, 
an equal volume of water and a sixth the total volume of toluol are added 
(Heidelberger, 1922) Carbon monoxide is bubbled through the solution which 
is then vigorously shaken and allowed to stand m the cold overnight Next 
mormng the hemoglobin layer is siphoned off, mixed gently with a tenth the volume 
of centnfuged alumina cream (Tracy and Welker, 1915), centnfuged, and then 
filtered through coarse paper Finally the hemoglobin solution is dialyzed over- 
night in the cold in a shaking dialyzer (Kumtz and Simms, 1928) and stored m the 
cold under carbon monoxide with toluol as a preservative 

The concentration of hemoglobin is estimated by the Kjeldahl method, the 
nitrogen content being taken as 17 7 per cent Hemoglobin is digested with 
greater difficulty than are the other common protems When copper is used as a 
catalyst, digestion is not complete When mercury is used, digestion is complete 
but a preliminary evaporation is necessary to avoid serious foaming With 
selenium oxj chloride (Lauro, 1931) digestion is rapid and complete and no pre- 
liminar}’’ evaporation is needed The concentration of the thrice recry stalhzed 
t\ rosine is likewsc determmed by the Kjeldahl method — nitrogen content, 7 74 
per cent 

To make up the acid solution of hemoglobin three volmnes of 0 1 N HCl are 
added to tv o volumes of 5 per cent hemoglobin This acidity (0 06 n) is sufficient 
to give the maximum rate of digestion and is safely on the aad side of the region 
in which the rate of digestion is sensitive to small changes m the hydrogen ion 
concentration Changing the HCl concentration to 0 035 n or to 0 08 n does not 
change the rate of digestion more than 5 per cent Hemoglobin is hydrolyzed 
very slowh in 0 06 N HCl Acid solutions which have stood in the cold for 10 days 
ha^ e been used for the estimation of pepsin with results the same as those obtained 
from frcshh acidified hemoglobin 

Increasing the hemoglobin concentration from 2 per cent to 3 per cent or decreas- 
ing It to I 5 per cent has no significant effect on the rate of digestion 

Tnchloracetic acid in the concentration chosen (2 5 per cent) gives a precipitate 
which filters rapidh If the tnchloracetic acid concentration is decreased 20 
per cent, some 10 per cent more color-producing matenal is left unprccipitated 
If the tnchloracetic aad concentration is increased 20 per cent some few per cent 
less color-produang matenal is left imprecipitated 10 per cent tnchloracetic 
acid, as well as other so called protein preapitants, precipitates a great deal of 
the digested hemoglobin not preapitated by 2 5 per cent tnchloracetic acid, so 
that the digested hemoglobin could probabU be estimated nephelometncally as 
well as colonmetncalh 

In gtncr’l, then, the reproduabilita of the amount of digestion obtained with 
a gnen pepsin solution from different hemoglobin preparations depends essentially 
on the rcproduabilitj of hemoglobin as a protein rather than on accuracj in fixing 
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the concentrations of hemoglobin, hydrochloric acid, and tnchloiacetic aad, al 
though in practice these concentrations are fixed accurately with little trouble 

The relations between the hemoglobin pepsin umt and other pepsin 
units are given by Northrop (1932) 

A method will be described later for the estimation with hemo 
globin of active, native trypsin in the presence of inactive, denatured 
trypsin, together with a discussion of the peculiar problems involved 
in the estimation of trypsin, in particular the prevention of the re- 
versal of mactivation and denaturation By measurements of tr)ip 
tic digestion, furthermore, one can estunate denatured hemoglobin 
in the presence of native hemoglobin, for native hemoglobin is not 
digested by trypsin whde denatured hemoglobin is digested at a rate 
which depends on its concentrabon 
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TEMPERATURE CHARACTERISTIC FOR THE ANAEROBIC 
PRODUCTION OF CO, BY GERMINATING SEEDS OF 
LUPINUS ALBUS 

Bv PEI SUNG TANG 

[Trom the Lahoralory oj General Physiology, Harvard Umiersity Cambridge) 
(Accepted for publication Ma\ 23, 1932) 

I 

Temperature characteristics for the consumption of oicygen and for 
the aerobic production of CO by germinating seeds of Luptnits albtis 
were found to be different, and the suggestion was made that the mech- 
amsms underlying the tno processes are different but they may act 
simultaneously (Tang, 193 1-32, a, b) As a means of confirmation, the 
differential inhibiting effect of CO was resorted to It was demon 
strated that while the rate of consumption of oi^ygen can be reversibly 
inhibited by CO, the production of CO, is apparently unaffected by an 
atmosphere of carbon monoxide (Tang, 1931-32 d) It was also 
pointed out that the rate of anaerobic CO, production is of the same 
order of magnitude as that in air Although qualitative evidence uas 
lacking regarding the metabohe identity of the CO, produced in the 
tuo cases, it was considered hardly plausible that the gas produced 
anaerobically could be quantitatively replaced by the CO given off 
from an entirely different mechanism when air is made accessible to the 
respiring matenal The purpose of the present paper is to attempt a 
direct and qualitative identification of the two processes 
The question of the identity of the processes underlying the produc 
tion of CO, aerobically and anaerobically has attracted the attention 
of many experimenters Though the evidence is on the whole in favor 
of identity, direct experimentation has thus far been lacking — at least 
to the knowledge of the wnter The conclusion has been arrived at 
mainly from the observations that the rates of production of CO, 
aerobically and anaerobically are affected in the same way by factors 
such as age, temperature, anesthetics, phosphates, and sugars ' 

^ For a review of the subject see Kostyebev 1927, chapter 2 
65 
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A Simple and yet direct means of identifying the two processes in an 
essential respect is afforded by companng their temperature charac- 
tenstics — the reverse of the logic used in the previous papers of this 
senes (Tang, 1930-31, 1931-32, a, b, d) For a general discussion of 
the possible significance of temperature charactenstics in biological 
processes, the reader is referred to the work of Crozier (1924-25, etc ) 

II 

The seeds used were in part from the same lot used in the previous 
experiments, and in part from a fresh lot obtamed from the same source 
upon the exhaustion of the old supply Prehrmnary experiments 
shov ed that the two lots of seeds behaved alike in relation to tempera- 
ture and the effect of CO They were treated in the same manner as 
descnbed in previous accounts (e g , Tang, 1930-31) 

Modified Warburg microrespirometers designed for the study of seed metabolism 
(Tang, 1931-32, c) were used The experiments were performed in darkness, 
except dunng the readings of the manometers when a very weak electric light 
was turned on opposite the manometers The latter were not shaken during the 
experiment The vessels, vith the seeds mounted in place, were filled with N 2 by 
passing the gas fairh vigorously (at a pressure of SO mm of Brodie solution in the 
manometers) through them for at least 7 minutes The N 2 was purified by bub- 
bling It through an absorption tower containing Fieser solution,^ then through a 
solution of Pb acetate to remove any H 2 S generated from the latter, dried over con- 
centrated H 2 S 04 , and finally through the respirometer vessels When so treated 
the amount of O 2 in the N 2 was found to be negligible (less than 0 1 per cent when 
anaUzcd wath a Haldane gas anahzer) 0 1 cc of water was placed in each vessel 
to maintain a moist atmosphere 

An expenment was usually started at 18° or 14°C in a thermostat 
the temperature of which w as kept constant to within 1 /lOO of a degree 
After ] hour of adaptation and 1 hour of respiration, durmg which four 
readings were taken, the temperature w'as low'ered about 2° and the 
process repeated until the lowest temperature of the range was reached, 
w hen the temperature w as raised in a manner such that respiration 
data were obtained at about 1° apart throughout the w'hole tempera- 
ture range of the expenment This is essentially the same procedure 
used in the prexTOUs studies on the temperature charactenstics of 

- Tne solut on is made up of 13 3 gra of XaOH, 16 gm of Na 2 S: 04 , 4 gm of 
Na a-t^raquiro’^e^ sul’onate for each 100 cc ofH:© See Fieser (1924) 
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these seeds except that shorter ranges of temperature were employed 
here This nas unavoidable because, unhke that m air, the rate of 
production of COj m N was found to decrease with time, the more 
rapidlj the higher the temperature In Tig 1, the course of CO 
production for the seeds at three different temperatures is plotted 
against time for a penod of 12 hours after i hour was allowed for 



Fro 1 Course of anaerobic COj production for gemunaung seeds of Lupwus 
albits at 8®, 18®, and 22® Ordinate, cc of CO produced abscissa, tune m hours 
Readings were taken at f hour intervals after 1 hour of thermal adaptation in each 
case Room temperature, about 24®C 

adaptation in each case (room temperature was 24±°C ) These are 
representative of a large number of expenments It is noticed that the 
rate is constant at 8° and almost so at 18°, which are the lower and 
upper limits of the temperature range used Tor practical purposes, 
and for short durations such as 1 hour at each temperature, the rate 
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may be treated as bemg constant at temperatures lying within these 
limits * This IS not the case for higher temperatures, of which the 
curve for 22° is fairly representative The assumption that the rate of 
production of CO 2 between 8° and 18° during the entire period of the 

TABLE I 

Expenments illustrating the constancy of the rates of CO 2 production (c mm 
CO 2 per seed per hour) during short time intervals at each temperature, and the 
absence of stimulation when temperature is changed either from a higher to a 
lov er one, or vice versa The data are obtained from two separate series of experi- 
ments one, in vhich the temperature is changed from 18° to 16°, and another, 
from 11° to 14°, vath 30 minutes for adaptation at each temperature Because of 
the small changes on the manometers, the figures are only reliable to ± 7 per cent 


Expcrimcnl No 

Succc"i\e penods 
of IS mm 

1 

2 

3 

18° 1 

5 8 

7 1 

5 6 

2 

6 S 

6 4 

4 9 

3 

5 8 

7 1 

5 6 

4 

7 1 

7 1 

4 2 

16° 1 

4 5 

3 6 

3 5 

2 

6 5 

5 7 

4 2 

3 

4 5 

5 0 

4 2 

4 

5 8 

5 0 

4 2 

ir 1 

3 3 

4 3 

4 1 

2 

4 6 

6 5 

6 9 

3 

2 6 

5 0 

4 8 

4 

4 6 

5 8 

6 2 

14° 1 

5 2 

7 9 

9 7 

2 

5 9 

7 2 

6 9 

3 

4 6 

7 2 

8 3 

4 

1 

5 2 

7 2 

7 6 


expenment max be treated as being constant with respect to time is 
justified in the following w'ay Table I presents two senes of expen- 
ments one of which was started at 18° and then the temperature was 
lowered to 16° At each temperature { hour was allowed for thermal 
adaptation after which readings were taken at 15 minute intervals 

' See ciiicuss ons be’o \ 
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for an hour The other senes was started at 1 1° and then raised to 
14°, and the readings were taken in the same manner The figures 
are constant to within ±7 per cent, which is the limit of accuracy of the 
method for such small changes m the manometers That temperature 
alterations as prachced here and m the previous expenments did not 
produce any “stimulating effect”* is made evident in the following tests 
In previous studies on the temperature charactenstics for the oxygen 
consumption of these seeds, a set of observations w ere made (but not 
published) m which the rates of oxygen consumption of the seeds were 
observed first at 13° After gomg through the usual temperature 
changes, the rates were observed agam at the same temperature The 
rate was 72 c mm per seed per hour at 13° before and after the change 
for a typical expenment Dunng the course of the present mvestiga- 
tion, three expenments were performed in the same manner on the 
production of CO* in Nj, with 14° as the initial and final temperature 
The rates were 28 0, 33 0, and 20 5 c mm of CO 2 produced per seed 
per hour at the beginmng, and 29 5, 33 0, and 211 respectively at the 
end, when the temperature of the expenment was changed successively, 
about 2° at a time, from 14° to 7 5° and back to 14° with a time lapse 
of about 12 hours These preliminary expenments dearly indicate 
that /or the study 0 / the rate 0 / respiration of the seeds as a function of 
temperature, under these conditions, the sudden changes of tempera- 
ture and lapse of time (at lower temperatures at least) are not comph 
catmg factors 

At the end of an expenment, which usually lasted for about 12 hours, 
the hypocotyls of the seedlings showed little sign of elongation, though 
they were somewhat larger in diameter than at the beginnmg When 
planted on moist sawdust, the seedlmgs showed healthy growth in 
every case 

ni 

The results of two senes of expenments, each consisting of five indi 
vidual observations, were brought together by factors and presented 
graphically m Fig 2 In the figure, the ordinate represents the loga 
nthms of the relative rates of CO production, the abscissa, 1/T 

* For discussion of this question see Palladin (1899), Blanc (1916), and Har 
nngton (1923) , also Crozier and Navez (1930-31) 
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X 10’ m Kehm units ^^^lere the number of circles is less than five, 
some of them overlap The points fall into a band the slope of which 
fields 21 500i calones with an extreme vanation of ±10 per cent 
Fig 3 gi\ es the results of an experiment, typical of many, where the 
temperature was raised from 16° to 22° and then lowered to 16° The 
order in nhich the obsen'^ations were made is indicated by the numbers 
near the arcles The points did not fall on any straight hne in ascend- 
ing the temperature scale, but in descendmg from 22° to 16°, they fall 



t/x Aba X. 10^ 

Fig 2 Log relatne rates of CO; production bj germinating seeds of Lupvius 

a'bi! in nitrogen plotted against (Kehnn units) Tiio groups of five expen- 

mcnts each \^crc brought together b\ factors WTiere the number of points is less 
than fi% e, some of them o\ erlap The points fall w ithin a band the slope of iv hich 
\ieldb 21,509=: calones 

on a straight line the slope of uhich yields 22,000± calones It is 
recalled that 19 5° vas pre\nou5l} found to be the cntical tempera- 
ture both for o\-\gen consumption and for the production of CO; 
aerobicalh by these seeds, and it is likely that this is also the tem- 
perature here but not clcarh defined Beha\nor of this sort in other 
oraan' 5 m= at and abo\ e the cntical temperature is not unknown (c g , 
Cror'C'" and ?licr, 1926-27 ) 
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Another rather unusual phenomenon, but related to the foregoing, 
was observed m a set of orpenments of which the one given in Fig 4 is 
typical Two hnes with the same slope of 23,S00± can be drawn 
through the points, one through those observed on the downward 
journey of the respinng matenal on the temperature scale, and another 



Fio 3 A typical experunent Qlustratmg the behavior of some of the seeds at 
temperatures higher than 18° The points are plotted similar to those in Fig 2 
and the order in which thej were obtained is mdicated by the numbers attached to 
the circles 



'/x Aba a 10'’ 


Fig 4 A typical experiment illustrating the occurrence of the points on two 
parallel hnes yieldmg the same slope of 23,500=fc calories but different in their ab- 
solute magnitudes The pomts are plotted as in Figs 2 and 3, with the order m 
which they were taken indicated by numbers near the circles 

upward, the absolute magnitudes for the latter bemg smaller The 
only statement which we can make at present concerning the meaning 
of such effects is that phenomena of this nature have been observed in 
other cases (unpublished observations, Crozier and Stier) Further 
expenmentation is needed to clear up these points 
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IV 

The value of ju obtained in these expenments, 21,500 (variation 
20 000 to 24,000), is somewhat lower than that of 24,000 zt reported 
for the same seeds at the same temperature range, but obtained from 
groups of thirty seeds each, using the Ba(OH )2 titration method (Tang, 
1931-32, o) Another value for the same seeds obtained in five exper- 
iments performed with the Warburg technic at two temperatures (18° 
and 8°) only, is 23,300 ± calones, with an extreme vanation in the val- 
ues of /jl's from 22,000 to 25,000 (Tang, 1931-32, b) While the mean 
value of 23,300± is higher than the one reported here (21,500±), 
the ranges of vanation overlap Cunously enough, the value of 21,500 
corresponds almost exactly to that for the aerobic production of CO 2 
iovZca mays (Tang, 1931-32, a) 

That the value of }x as determined in the present experiments is on 
the whole slightly lower than the ones previously determined for the 
aerobic production of CO 2 by the same seeds, and that the range of 
vanation is mder, is not at all surprising At higher temperatures 
the rates of the anaerobic CO 2 production are only approxiviaiely 
constant vath respect to time actually, as has been pomted out, the 
rates decrease as time goes on Because of this slight but continuous 
decrease in the rates, the points at the higher temperatures taken on 
rcascending the temperature scale are lower than what they would have 
been if the rates were stnctly constant This is clearly revealed by 
companng the points at the lower temperatures with those taken at 
the higher ones in Fig 2 The former, if treated alone, tend to give a 
\ alue of {1 higher than 21,500, and the reverse can be said of the latter, 
the compromise value of 21,500 calones may certainly be considered 
to be slight!} too low 

In \ lew of what has been said, and also of the fact that the ranges of 
the mdmdual /z’s overlap, we may state that within the limits of 
error of the expenments, the values of ;u’s for the production of CO 2 
b} the germinating seeds of Lupiniis albus, both aerobically and 
anaerobically, are found to he within the lumts of 21,000 and 24,000 
calones approximately, and that the mechanisms underlying the 
production of CO; b} these seeds aerobically and anaerobically may 
be considered identical in so far as concerns the relation of their 
rates to temperature 
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SUMMARY 

The rate of anaerobic production of CO 2 by germinating seeds of 
Lxiptnus albiis was studied as a function of temperature between 7 S° 
and 1S°C The mean value for the temperature characteristic was 
found to be 21,500± calones, which is slightly lower than that for the 
same process under aerobic conditions (23,S00± calones) The values 
for the individual fi’s in the two cases overlap considerably The 
possible identity of the processes underlymg the production of COj 
aerobically and anaerobically is discussed 
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DARK ADAPTATION AInTD THE DARK GROWTH RESPONSE 
OF PHYCOMYCES 

By E S CASTLE 

{From the Laboratory of General Physiology Harvard University Cambridge) 
(Accepted for publicabon, May 23, 1932) 

I 

A sporangiophore of the fimgus Phycomyccs elongates at approxi 
mately the same rate whether m darkness or in hght of several hundred 
foot candles intensity, provided it is allowed to become adapted to 
the particular illununation and if the measurements do not evtend 
over too long a penod When a sporangiophore which is light adapted 
and growmg at a constant rate is exposed to more intense illumination, 
a temporary acceleration of growth — the “hght growth” response — is 
produced, followed by a decrease in rate, after a variable interval 
(usually about 30 mmutes) the original rate of growth is regained 

Conversely, when hght is suddenly cut off from a hght adapted 
sporangiophore, a temporary diminution of the rate of growth occurs, 
followed by a gradual return to approximately the rate of growth m 
the hght This growth response to sudden darkenmg has been de- 
scribed for Phycomyccs by Tollenaar (1923), and named by him the 
“dark growth” response 

Responses to decreases in visible illumination have been descnbed 
m the case of a number of higher plants, as the coleoptile of the Avena 
seedhng (Tollenaar, 1923), as well as m the shadmg responses of certain 
photosensitive mvertebrates (c/ Crozier, 1915, Harthne, 1925) The 
same situation is met with m vision, where darkness following illumi- 
nation may lead to a positive response 

In this paper it is desired to test the idea that the dark growth re- 
sponse of Phycomyccs represents a decrease in the rate of growth 
consequent upon the disappearance dunng dark adaptation of some 
substance which exerts a continuous influence on the rate of elonga 
gation 
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n 

The method of the experiment depends on the fact discovered by 
Tollenaar that the dark growth response of Phycomyces appears 
sooner follow ing darkening the higher the intensity of light to which 
the fungus was adapted Actively growing sporangiophores were 
therefore adapted to a senes of intensities covenng a wide range, and 
the reaction times of their responses to sudden complete darkemng 
measured 

Pure cultures of Phycomyces blakesleanus (“+” strain) were grown on sterilized 
flour paste, and placed for experimentation within a plane-walled spectroscopic 
absorption cell (inside dimensions 10 X 10 X 3 cm ) provided with a ground glass 
cover The atmosphere of the cell was kept saturated by a layer of water on the 
bottom Illumination was from above the culture, and was varied by use of a 
senes of concentrated filament, 6 volt tungsten lamps of approximately the same 
color temperature Neutral Wratten filters could be interposed, as well as a 
Petn dish containing a layer of 6 per cent aqueous CuSO^ 5 H 2 O 1 cm thick, 
designed to cut out infra-red radiation This heat screen was particularly impor- 
tant at the higher intensities, but was used throughout the experiments 

The observation chamber was set up, appropnately shielded, m a dark room of 
rclativelj constant temperature, the average temperature dunng the month of 
experimentation being 23 O^C , the extremes a degree above and below A 
particular sporangiophore nas observed from one side against a faint red light, 
through a horizontal microscope with an ocular scale The position of the sporan- 
gium on the scale was read off at 12 second intervals and the figures recorded A 
plot of these readings against time gives the course of growth before and after the 
darkening (r/ Pig 1) 

The ground glass cover of the observation chamber illuminated the sporangio- 
phore from abo\c vith diffuse hght conung from a wide angle, and avoided the 
possibiliti of the sporangium casting a shadow on the light-sensitive growing zone 
extending 1 to 2 mm below it 

In an actual expenment a vigorous sporangiophore was completely 
adapted to a particular intensity of light by exposure to it for at least 
30 minutes As shown in Fig 1, readings xvere taken every 12 seconds 
for sexeral minutes before the light was put out, and continued for 
10 or 15 minutes after that time WTien these readings were plotted, 
the reaction time of the dark grow th response w as taken as the time 
from the beginning of the dark penod to the first point significantly 
dexiatmg from the prexnous rate of growth This point can be de- 
termined objcctn ely by fitting the earh , linear part of the curve with 




Fig 1 Dark growth responses following adaptation to 25 4 foot candles (upper 
curve) and to 0 00078 foot candles Gower curve) Complete adaptation to each 
intensity Vp-as secured by at least 30 minutes exposure to light before it was turned 
off at time a Point b is taken as the begmmng of response, (t a) as the reaction 
time The parallel lines drawn through the linear portion of each curve fit the 
limits of scatter of the points The two curves are placed on an arbitrary ordinate 
scale the actual length of the sporangiophores at the time of the experiment bemg 
several centimeters Note that at the higher mtcnsit> not only is the reaction 
tune shorter but the ra/e of faibng off of the growth rate as well as the apparent 
size of the depression are greater 


TABLE I 


Reaction times of the dark growth response following adaptation to different 
illuminations the mean values are averaged from measurements made on a number 
of different sporangiophores 


/ 

lose/ X IC) 

KeacUon times 

Mean R T 

foot<andlts 


min 

m H 

334 

6 52 

46 SO 52 52 5 2 54 54 54 54 56 

5 2 

25 4 

5 40 

48 5a 54 54 54 54 56 56 56 60 

5 4 

0 435 

3 64 

52 52 54 54 54 56 56 58 58 64 

5 6 

0 093 

2 97 

j 56 60 62 02 64 64 64 64 66 68 
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0 0096 
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7 1 

0 00078 
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two parallel lines drawn at the limits of scatter of the points The 
first point falling below this band is taken as a significant deviation 
The figures of Table I are plotted in Fig 2, where it is seen that the 
mean reaction time decreases in a regular way as the intensity of the 
previous adapting lUummation increases Log I instead of I is plotted 
on the absassa in order to brmg out the course of the curve at low 



Fig 2 Mean reaction time of the dark growth response as related to the loga- 
nthm of the prc\aous adapting illumination The curve is the hyperbola 

^ 0 22 log (/ X 10‘) + 45 

intensities The data of Tollenaar, although few m number, are in 
general agreement 

III 

Interpretation of these measurements rests on the observation that 
the reaction time of the dark growth response is compound, consisting 
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of (1) an exposure period dunng which a certain amount of dark adapta- 
tion takes place, and (2) a latent period necessary for subsidiary reac- 
tions which follow changes in the primary photosensitive system and 
lead to the growth response It is a fact that the sporangiophore need 
not be m darkness dunng the whole reaction time in order to produce 
a dark growth response Temporary darkemng for a penod much 
shorter than the total reaction fame suffices to call forth a response, 



l/log(l*10'*) 


Fig 3 Reaction tune plotted against reciprocal of adapting intensity The 
ordinate intercept at l/log(/ X 10*) = 0 is the base bne of the curve m Fig 2 

so there is clearly a disfancfaon between the two major components of 
the reaction time, just as with the hght growth response (Castle, 1929- 
30) The latent penod is probably compound and represents the sum 
of a number of separate latenaes It is taken as constant in duration 
and independent of the velocity of the pnmary process of dark adapta 
faon Since the constancy of this latent penod cannot be ngorously 
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tested by expenment, the only justification of the assumption is that 
the reaction time measures the time necessary for a nummal effect 
Since the initial change necessary to produce this minimal effect is 
probably constant, the velocities of the subsequent reactions are 
probably constant 



I.G 4 The in\ersc plot of the cur\e in Tjg 3 This shoMS the rate of dark 
adaptation dunng the inten a.\ {R T — 4 5) to be appro-amately proportional 
to the loganthm of the pre\ lous adapting illumination 


I'lg 2 shows the simple, regular relation w^hich exists between the 
reaction time and log adapting intensity \Miat interpretation can 
be made of this relation^ In the first place, the curve seems to de- 
scend to a base line representing an RT of 4 to 5 minutes In a plot 
oi R T against reaprocal of log 7, as m Fig 3, the points ma> be said 
to follow a straight line, their deviations being wathin the error of the 
experimental method Extrapolation to the ordinate intercept gives 
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the\aluel?r = 45 minutes, which is the base line to w hich the hyper 
bola of Fig 2 descends at log / = oo , and is assumed to be the actual 
latent penod of the response, that is the time occupied by secondary 
reactions which lead to the response 
If J? r is a linear function of 1/log I, conversely 1/(2? T — 4 5) 
must be a linear function of log I Fig 4 shows that this is true within 
the limits of the expenment In other words, the veloaty of the 
process which takes place during the interval {RT — 4 5), measured 
by the reaprocal of this mterval, is directly proportional to the loga- 
nthm of the prev lous adapting illumination Or, the velocity of dark 
adaptation is directly proportional to log I, where 7 is the intensity 
of the previous adapting light 


TABLE U 

Approximate calculation of the amount of change occumng dunng the exposure 
tune of the dark growth response Explanation in the text 


loeuxio) 1 

r -45 

le6{/ X 10 ) X r - 44) 

6 52 

0 7 1 

4 56 

5 40 1 

0 9 

4 86 

3 64 I 

1 1 1 

4 01 

2 97 

1 8 

5 34 

i 98 : 

2 6 

S 34 

0 89 1 

4 6 

4 10 


Since log I measures the rate of dark adaptation, and since the time 
dunng which the process must go on m order to lead to response is 
known (RT — 4 5), the amount of change necessary to produce the 
dark grow th response can be calculated Assuming as a first appron 
matron that the rate does not change greatly dunng the exposure 
tune, the product rale X time should be constant following adaptation 
to each intensity level Or, 

log J X (i? r — 4 5) => constant (1) 

The products are given m Table II and are seen to be of the same 
order of magnitude This relation immediately denves from the fact 
that the curve in Fig 2 is a hyperbola Its equation may be wntten 
as 


RT = -J— +45 


( 2 ) 
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^\here c is the slope of the hne in Fig 4 By rearrangement, 

log / X (jR r —45)= — = constant (3) 

c 

\\hich IS identical 'mth (1) 

Within the limits of the assumptions made, the constancy of the 
product rate X time indicates that dunng the e\posure time a constant 
amount of dark adaptation occurs Following this, a senes of latent 
penod processes is thought to be initiated and to occupy the remaining 
4 5 minutes of the reaction time, resulting m the onset of the measured 
depression of the growth rate 


IV 

Since the sporangiophores are completely light-adapted before the 
light IS cut off, there may exist at each adaptation intensity a photo- 
stationar^’’ state in which a particular amount of photosensitive ma- 
tenal, S, is continuously present in equihbnum with its precursors 
5 bcha\ cs as if it ^ve^e destroyed by light, reformed in the dark Ki- 
netically its reformation (dark adaptation) is a process of the second 
order (Castle, 1928-29) 

Hecht (1931, also papers in this Journal, 1918, to date) has de- 
N eloped % eiY’’ successfully the idea of a photostationary state to account 
for photic adaptation and stimulation in the clam Mya and the verte- 
brate e^e His tcrmmolog)’^ is used in the schema 

light 

5, P + A 

“dark” 

where 5 is the light-sensitive substance, reformed independently of 
the presence of light by combination of the two substances P and A 
1 he simplest treatment of photosensor}' equilibrium takes the two 
opposed reactions as truly re\ersible, but such formulations apply 
onh to the kinetics of the processes 

Changes in sensitiMt} and the facts of adaptation m the light- 
sen'itnc ‘'\5tcm of PJncorr.yccs run surpnsingly parallel to those in 
the cc^e of IAj (Castle, 1928-29} The simplest h}'pothesis to ac- 
count lor the two Uq^es of growth response is that some product of 
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photolysis, P, exerts a continuous influence on the rate of growth, 
and IS present in greater concentration the greater the light intensity 
to which the system is adapted This idea is supported by the typical 
plots shown m Fig 1 These show that not only is the reaction time 
shorter at higher intensities, but the rate of falling off of the growth 
rate as well as the apparent size of the depression are greater 
In these terms, when 5 is decomposed by light, more P is formed, 
the rate of growth accelerates — the light growth response, when after 
thorough hght adaptation the system is placed in darkness, P disap 
pears in reforming S, the rate of growth falls off — the dark growth 
response The fact that after complete adaptation either to hght 
or to darkness the rates of growth are approximately equal must find 


TABLE in 


Calculation of the rate of dark adaptation from equation (4) a is taken as 100 
IT as 1 Explanation in the text 


logf/ X 10‘) 

S ' 

X* 

<5 S2 

80 

6400 

5 40 

39 

1521 

3 64 

6 3 

39 7 

2 97 

3 0 

9 0 

1 98 

1 0 97 

0 96 

0 89 

0 28 

0 078 


Its explanation in another limiting factor This matter will be taken 
up elsewhere 

It IS desired to test the applicability to the case of Phycomyces of 
Hecht’s equation for the stationary state 


Kl =. 



(4) 


where x is the amount of P (and of A) present at equilibrium, a is the 
imtial amount of S (taken as 100), / the hght intensity, and K a 
constant representing the ratio of the velocity constants of the “light” 
and “dark” reactions 

Since the “dark” reaction m Phycomyces is known to be bimolecular 
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(Castle, 1928-29), in darkness it \wll proceed unopposed at a rate 
dependent on the concentrations of P and A Or, in the dark. 



^\here is the velocity constant, x the amount of P (and of A) present 
at time / The rate of dark adaptation will therefore be proportional 
to T- 

Now Fig 4 shows that quite apart from any assumption as to the 
nature of the underljnng process, the rate of dark adaptation is pro- 
portional to log I Therefore if equation (4) is to apply, values of X‘ 
calculated from it should also be proportional to log 7 Inspection 
of Columns 1 and 3 of Table III show’s that this is not the case The 
stationaiy’ state equation in its simplest form, as in (4), therefore does 
not fit the facts in the case of Phycomyces 

Indeed the only w’ay to get values of proportional to log 7 out of 
this U^pe of stationary state equation is to wnte the partial velocity 
of the “light” reaction proportional to log 7, or 

^ log Ha- x) (6) 

ot 

where ki is a velocity constant Under these circumstances, (4) 
becomes 

A' log I = — (7) 

o — r 

If K is small compared with a, on soKung for a this reduces to 

X = \/ K log / a, or 

X- = c log I (8) 

where r is a mixed constant This approximate solution of (7) states 
that the rate of dark adaptation, given by is proportional to log 7, 
V Inch agrees w ith the relation cmpincally deduced from the plot of 
Fig 4 

A=iuc from the fact that it welds ealues of t- of the nght order of 
magnitude, no theoretical justification can be given for wntmg the 
ve^oatv of the “light ' reaction proportional to log 7 instead of to 7 



E S CASTLE 


85 


directly, as is usual in photochemical reactions However, it is 
stnking that numerous cases have appeared in biological systems m 
which the extent or rate of photic action is proportional to log 7 
For example, the veloaty of the latent penod process in the photo- 
receptors of Mya IS proportional to log I (Hecht, 1919-20) , the velocity 
constant of the “light” reaction in the photic adaptation of Agrwbmax 
IS proportional to log 7 (Wolf and Crozaer, 1927-28) , the magnitude 
of the electncal response from the retma of Lttmilus is a linear function 
of log 7 (Hartlme, 1929-30) Stehr (1931) has recently found the 
veloaty of the ‘light” reaction m a number of aquatic arthropods 
approximately proportional to log 7 A case from pure chemistry 
IS the hnear relation over a considerable intensity range between the 
darkemng of a photographic plate and log 7 The phase relations 
m this case are probably no more complex than those prevaihng at 
the receptive zone of Phycomyces 
Using equation (7) and takmg a = JOO, 77 =1, values of xi, the 
amount of P present at each adaptation intensity, have been calcu 
lated These are given in Column 2 of Table FV When the adapting 
light IS turned out, dark adaptation commences at a rate propor 
tional to XI, and proceeds for an interval which is known expenmentally 
(R T — iS) At the end of this hme suiBcient P has disappeared 
to affect the latent period processes which lead to the growth response 
With the knowledge that the process of dark adaptation is essentially 
“bimolecular,” the amount of change which takes place dunng the 
interval (RT — 4 5) can now be more accurately computed than 
before, when the rate of dark adaptation was assumed constant dunng 
the exposure time Integration of equation (5), with ehimnation of 
the integration constant, gives 


where xi and Xi are the amounts of P present at times h and t. In 
computmg with the aid of (9), values of x, are taken from Table r\‘, 
calculated from equation (7) , (h — / ) is the penod of exposure ~(R T 
— 4 5), preceded by the minus sign because t, > h, k, has been arbi 
tranly taken as 0 01 Choice of other equally arbitrary values of 
k over a large range does not greatly affect the end result which is 
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the determination of (xi — X:), the amount of P which disappears 
dunng the closure time 

In Columns 4 and 5 of Table I\* are given respective!}- the values 
of X: and of (xi — xi) The constanc}- of (xi — x*) is a more dehcate 
test than v as earned out above of the idea that dunng the exposure 
time a constant amoimt of dark adaptation takes place Specifically, 
a constant amount of P disappears, and smee sensitmty to stimulation 
by light increases dunng dark adaptation is presumed to be converted 
into S 

The validit}' of this test is v, holly dependent on the assumption that 
the light-sensitu e sj'stem is a closed one, and on the correctness of 
equations (6) and (7 j For the present it seems most useful to take 

TABLE IV 


Oilcxktion of the cntical amount of dark adaptation occurring dunng the 
dar/ gro-nh reeponse after adaptation to different intensities, explanation in the 
ten 
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them as cmpmcalh justified Harthne (1925) in a bncf study of the 
shao'ng response of Pcckh encountered certain difficulties m the appli- 
cation 01 eauation f4) Possible a different mode of treatment of 
the ‘^tationan. state vould ob\'iate the assumption that in the case of 
P/_ cotr^ 'cs the \eIoat\ of the ‘ light” reaction is proportional to log 
/ It IS hoped to test this point directly b% a different experimental 
a’’>proac^ 
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as 4 5 minutes, all of this interval being taken up by latent penod 
processes The reaction time of the light growth response, on the 
other hand, even with stimulation by moderate light mtensities, is 
usually much shorter, and may be as httle as 2 minutes 
It IS reasonable to regard the light growth and dark growth responses 
as due to changes similar but of opposite signs m the concentration of 
some substance which regulates the rate of growth Therefore the 
sequence of latent period processes leadmg to response is the same 
for each type of response If this is so, the fact that the latent penod 
IS so much longer in the “dark” response than m the “light” response 
means that the same latent penod processes take place at a much 
greater rate in the latter than in the former Since the rate of the 
latent penod processes is directly proportional to the rate of photo 
lysis of 5 (Castle, 1929-30), it is evident that generally speakmg P 
IS produced m the “light” response at a greater rate than it is removed 
in the “dark” response It is usual in biological systems for hght 
adaptation to proceed faster than the reverse process of dark adapta 
tion, due m part to the fact that the veloaty of hght adaptation is 
multiplied directly by I (or some function of 7, as log 7 in the case of 
Phycomyces) The veloaty of dark adaptation, however, as shown in 
equation (S) , is detemuned solely by the concentration of the reactants 
The intensity of stimulation resulting from the cutting off of light is 
therefore dependent only on the amount of decrease in hght mtensity, 
and not on “darkness” itself 


SUMMARY 

Light adapted sporangiophores of the fungus Phycomyccs respond 
to sudden darkening by a temporary decrease in the rate of elonga 
tion, after a latent penod of several mmutes The reaction time of 
this “dark growth” response is compound like that of the “light growth” 
response It is, moreover, shorter the more intense the previous il 
lumination 

The rate of dark adaptation following adaptation to a very large 
range of hght intensities is found to be proportional to the loganthm 
of the preceding hght intensity It is shown that a constant amount 
of dark adaptation takes place before the response occurs 

On the assumption that changes m the rate of growth reflect changes 
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in the concentration of a substance which at constant light intensity 
IS in equihbnum uath a hght-sensitive matenal, possible equations for 
such a photostationar^’’ state are examined The most reasonable 
formulation requires that the partial velocity of the “hght” reaction 
be taken proportional to log / instead of to / directly 
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PULSATION FREQUENCY OF THE ADWSCERAL AND 

ABVISCERAL HEART BEATS OF CIONA INTESTINALIS 
IN RELATION TO TEMPERATURE 

Di ERNST WOLF 

{From the Zoological Station Naples Italy) 

(Accepted for pubbcation Ma> 23 1932) 

I 

Pulsation frequency of the heart beat in relation to temperature 
has been studied in a vanety of orgamstns [cj Crozier, 1924, 1926, 
a, b, Crozier and Eedenghi, 1925 a, b, Crozier and Stier, 1925, a, b, 
1926, 1927, a, b, Fnes, 1926, Murray, 1925-26, Glaser, 1929, Parpart 
and Glaser, 1930) Typical values lor temperature characteristics 
ill) ahd critical temperatures were repeatedly found, which fall into 
definite groups Of particular interest were cases in which dumig 
embryonic development or by way of operations, changes m thermal 
increments could be observed Studies on the embryonic heart of 
Ltmulus (Crozier and Stier, 1927, b) showed that more, different 
values could be found in earher stages of development (myogenic 
pulsation) than later on or in the adult (neurogenic control of pulsa- 
tion) Sumlar conditions u ere met in embryos of Ftmdiihis (Glaser, 

1929), and m the chicL embryo (Parpart and Glaser, 1930) Cases 
where changes in temperature charactenstics were produced subse- 
quent to operative interference are found in Notonecta (Crozier and 
Stier, 1927, a) and in Gonionemus (Wolf, 1928) Fmdmgs of this 
kind suggest the assumption that during embryonic development or 
by way of operation the mechamsm uhich controls pulsation has been 
altered In organisms where we find different centers which mitiate 
pulsation we might expect to find different controllmg mechamsms or 
pace makers, and an investigation of such cases might throw some 
light upon the question of the number or diversity of different pace 
makers in control of pulsation 

In tumcates we meet the fact that the heart beat regularly reverses 
89 
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after certain mter\’-als, so that the blood is pumped for some time into 
the region of the gills and afterwards backward into the body region 
(van Hasselt, 1824, Krukenberg, 1880, Eaioll, 1893, Loeb, 1899, 
Schultze, 1901, Straub, 1901, Hunter, 1902 and 1904, Nicolai, 1908, 
Hecht, 1917-18, Brucke, 1925, von Skramlik, 1926 In Cwna intes- 
i7nahs, for example, the heart beats regularly in advisceral direction 
about 140 times, after a few irregular beats the pulsation becomes 
reversed for about 70 to 100 beats The total number of pulsations 
in one or in the other direction is not constant, it differs with age and 
size of the animal In general however it can be said that there are 
alwajs more advnsceral pulsations than abvisceral ones In Salpa 
(von Skramlik, 1926) and other forms the change of direction happens 
ver>’ much more irregularly than m Ciona The circumstances we 
meet in tumcates suggested a study of the two types of heart beat 
in relation to temperature 


II 

The matcnal used was collected bv the fishing crew' of Naples Zoological Sta- 
tion at Mcrgcllina and Capo Posilipo dunng September, 1929 Usuall}' the 
animals were kept in running sea water overnight before being used for experi- 
mentation Brought in from the Gulf of Naples the tunica is m most cases covered 
so heaviK with dirt, and the intestinal tract is so little transparent, that it is not 
possible to sec the heart without cutting the tunica To avoid any kind of an 
operation which might affect internal pressure and thus influence the heart beat, 
as dctcnbcd bv Hecht (1917-18), it was onlj necessarj' to leave the animals for 
several hours in clean water, where thev become more transparent so that one can 
sec the heart qmte easilv through the tunica b> placing the animal so that the anal 
opening shows to the nght hand of the observer WTien the heart was easily 
vnsible the animals were taken for observ'ation Less attention was paid to the 
size of indiv iduals, but in general onh smaller animals 6 to 12 cm in length when 
fullv exp^^ded were used Stop-watch readings of the tune for ten pulsations 
of the heart in advi'ceral direction as well as in abvnsceral direction were taken, 
•’rd the results thus obtained were treated separateh Altogether twentv-two 
aniT’-ls we'c used Over 3000 stop-watch readings were taken for ten pulsations 
each in the graphs there are plotted 300 points representing averages of these 
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when the change of temperature took place, no readings were taken for at least 
20 to 25 minutes to give the animal time enough for thermal adaptation All the 
animals were placed in their containers m the same manner If by contraction of 
one of the svphons an individual changed his position by rolling over so that the 
heart was no longer visible, it was brought back into its original position by touch 
mg It gently with a thin glass rod The beating heart was observed bj a low 
power Zeiss binocular microscope 

The successions of pulsation in advisceral and abvisceral directions are somewhat 
different, the total number of advisceral pulsations being generaUv greater than 
the number m abvisceral direction Similar conditions have been described m 
earlier papers as ated In general the sequence of beats is v er> regular at a given 
temperature except for the first few and the last few beats before the reversal of 
direction of the pulsation The first few beats always follow one another faster 
and the last beats slower and more irregu]arl> In the absolute frequency no 
significant difference could be found between ad and abvisceral pulsations at an> 
temperature This fact contradicts somewhat the statement of Roule (18S4), 
who claims to have found a higher pulsation frequency for advisceral beats m 
younger forms of Ctona tniesltnalts The results obtamed for advisceral puJsa 
tions are plotted with the ones for abvisceral pulsations m the same figures The 
open marks give the values for the advisceral, the sohd marks for the abvisceral 
pulsations 

m 

The data obtained from twenty-two animals used m these observa 
tions are given m Figs 1 to 3, where the foganthm of the frequency 
of the heart beat has been plotted against the reaprocal of the abso 
lute temperature Each point represents an average value of ten 
readings taken at the corresponding temperature dunng a run The 
different senes desenbe narrow nbbons through which straight lines 
can be drawn The relation of pulsation frequency to temperature 
adhers to the Arrhemus equation ^=exp ^ where and k 

are proportional to veloaty constants at the respective temperatures 
Ti and Tj, i2is the gas constant, and fi is the “critical thermal mere 
ment” or temperature charactenstic 

The data obtamed for each ammal were at first plotted separately 
and the values for the temperature charactenstics calculated Accord 
mg to the values found and to the location of changes in the cun. e of 
pulsation frequency, the animals were brought into different groups 
The rate of pulsation is not always the same in different ammals at 
the same temperature, so that in bringing the animals of one group 
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together the frequenc}" had to be multiplied by a certain factor m each 
case It has to be said, houever, that in no case where a “break” 
occurs ha\e the U\o parts of the plot above and below the critical 
temperature been multiplied by different factors Thus the mean 
\ alues for the temperature characteristics could more easily be deter- 
mined, and in case a “break” occurred its location was more readily 
found 

The first group contains observations made on eight animals be- 
tween 8° and 32°C At higher temperatures a jx value of 7750rt 



lie S Ob<;er\ations on pulsation frcqucnc> of the heart of Cioaa Data from 
o'-c -’nirn'il \bo%c IS'C = 6760 caloncs, below 15° = 13,000, a change of 

"'b^lutc frcqucnc\ occurs at high temperatures ^\lthout changing the slope of 
the lire 

calorics obtained At a temperature of about 21°C a break 
OLCur^ and bclov this temperature the n value is 11,820± calories 
1 ! t-e \ aluc= fit the data both for pulsation m ad\ isccral and in abvis- 
ct'd direction (Fig 11 

i >'i ri-'ult' from 13 other animals in\e5tigated are represented in 
I 2 For the temperature range bclov 15’C for all these indi- 
\ ’ L fircl the temnerctu’-e charactenstic 16 000 caloncs Above 
I5"C ire 'PC viduals ochavc diffcrenth In some of the cases the 
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M value is 16,000 calones ]ust as below 1S°C , no change m the curve 
of pulsation frequency being noticeable For three animals we find 
a break at 15°C , with the fx value about 12,000 above the critical tern 
perature In four other ammals the break occurs at the same tem- 
perature (15°) but the /I value found above 15° is 8000 For these 
four animals there is m addition qmte clear evidence of a change of 
latitude of variation at about 10°C with a downward shift, the thermal 
increment, however, stays unchanged 

One additional animal cannot be brought into any of the precedmg 
groups The /x value found for the temperature range below 15°C 
IS 13,000 calones, whereas above that cntical temperature we obtain 
6,760 Dunng the change of temperature gomg up and down the 
temperature scale we find a difference m the absolute pulsation 
frequency The thermal increment, however, is the same m both 
cases The reasons for the change in frequency must be found m some 
destructive changes at the highest temperatures to which the animal 
had been exposed (above 30°) Similar cases have been recorded in 
Notonecta (Crazier and Stier, 1927, a, and Stier, unpubhshed data) 
In most of the cases great difficulty was met in takmg readings 
above 32°C and below 12°C Usually the heart stops beating m 
diastole at temperatures below 10° or U°C and at temperatures higher 
than 31° the pulsation becomes so irregular that no constant readmgs 
for pulsation can any longer be obtained On raising the temperature 
even higher, the heart stops m diastole untd the temperature has been 
decreased to about 30°C But even then it is found that in a great 
many cases the irregular beat does not cease, or that the heart does 
not come back to function at all for several hours Sumlar cases have 
been descnbed m other tunicates by Hecht, Hunter, Knoll, Wagner, 
Lmgel, Nicolai, Roule Apparently these extreme temperatures fall 
too far outside the normal environmental temperature of Cioiio titles 
hnahs found in the Gulf of Naples, where temperature of the water 
stays around 18±°C throughout the year 
By exammation of the data for each individual a vanety of n values 
could be found In Fig 2 for example, we have m all animals the same 
increment for the lower temperature range but above the cntical 
temperature the values are quite different If all the data given 
were plotted en masse without determining the jx’s singly a curvilinear 



96 


HEAJIT BEA.TS OF CION4. ES'TESTINA.LIS 


plot ■nould be obtained for ^Ahich no definite [i could be determined 
{cj Cole 1929) This would be due to the different temperature 
characteristics over the upper range of temperatures {cJ Crozier, 1924, 
Croricr and Stier, 1925, a , Glaser, 1924) 

\n attempt ^\as made to use earlier data on pulsation frequency of heart beat 
in tunicates in relation to temperature Hecht (1918) has given some data for 
ten pulsations in ad- and ab\asceral direction for Ascidia alra at temperatures 
between 17° and 37°C The data are relativel} fei\ The approximate fi value 
for the range between 21° and 35°C is about 12,500-f calories, a value which 
can be compared easih vith \alues found in Ctotia in some combination with other 
magnitudes In the case of Hecht’s observations the temperature characteristic 
for pulsation m the two directions is the same 

More rccenth data on Salpa afneana were published b> von Skramlik (1926) 
In his expenments onK readings for pulsation frequencies at temperatures 10° 
apart were taken for single animals, from which he calculated Qw = 2 I according 
to the \ant Hoff rule Computing from his data the time for ten pulsations 
"•nd plotting the values obtained cn masse for determination of the temperature 
cli-'racteristic, no definite ft value could be determined as the points are too scat- 
tered and too few Furthermore, there might be assumed a change in thermal 
increment at some critical temperature, just as has been found in Ciona, so that a 
determination of pulsation frequena at onlv two different temperatures would 
give us no information at all as to the kind and v'anetv of factors involved in the 
ncchamsm controlling pulsation frequenev One fact, however, can be collected 
from von Skramlik s data, namclv that in plotting the frequencies for advisceral 
pulvations at different temperatures against the abvasceral ones we find an essen- 
trlh "-cctilincar relationship with a slope of 1, — which indicates that in Salpa 
uhicu' I fo'' both ad- and abvnsceral pulsations the frequencies are the same 

The fi values found for advnsceral and abvisceral pulsation fre- 
cuenev of the heart of C'lona intcsltuahs are as follows 8000, 12,000, 
and 16 000 in several combinations, and with diverse cntical tempera- 
tures at 10' 15" and 20’C The fact that the two ends of the heart 
bchavL a'd c in anv one individual tested is suggestiv’^e for the notion 
th'^t the c'me metabolism prevails in the two pace makers at the 
op^vo-’le eno? as is evident also in their identical rates * 
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In this connection it might perhaps be pointed out that accordmg 
to the results obtamed in these expenments we are not permitted to 
draw any further conclusions about the mechamsm controUmg pulsa- 
tion frequency Known facts are that values like 8000, 16,000, and 
22,000 are connected with mechamsms at least partly respiratory in 
type, n values of 10 000 and 12,000 calones have been assoaated 
with neuromuscular activities (Crozier, 1924, Crozier and Stier, 
1925, a, b, 1927, o. Wolf, 1928, Steiner, 1932) In expenments with 
embryonic hearts, where m earher stages less uniform and more 
different /r values are found than m adult orgarasms (Crozier and Stier, 
1926-27, Glaser, 1929, Parpart and Glaser, 1930), it is temptmg to 
assume that the changes in temperature charactenstics are cormected 
with the development of the nervous control of the heart beat All 
one can say, however, is that the occurrence of different temperature 
charactenstics for the two cases, embryomc heart and adult, is prob 
ably due to the fact that the respective controUmg processes are 
unlike Only in case one could obtam embryomc preparations of the 
same state of development but diffenng concerning the nervous 
control and then compare their temperature charactenstics, might 
the data perhaps be used for further conclusions (</ Crozier and 
Stier, 1927, b) 

V 

SXJMMAKy 

The frequency of pulsation of the heart of Ciona inlcstinahs increases 
with temperature m both advisceral and abvisceral direction, according 
to the Arrhemus equation The increase m pulsation is the same m 
both directions The foUowmg /i values were obtamed 8,000—, 
12,000-1-, 16,000, m several combinations, with cntical temperatures 
at 10°, 15°, and 20°C The values found are comparable with earher 
findmgs for activity of the heart m different animals This quantita 
tive correspondence suggests anew the conception that temperature 
charactenstics may be employed for recognition of controUmg 
processes The fact that the n's and the cntical temperature are 
the same for advisceral and abvisceral beats, mdicates that the general 
metabolic condition of the two ends of the heart is the same in any 
one individual 
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THE MECHANISMS OF TROPISTIC REACTIONS AND THE 
STRYCHNINE EFFECT IN DAPHNIA 
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I 

Some knowledge o( the nature of tropishc reactions has been gamed 
through the investigation of their reversal by various agents (Ewald, 
1912, 1914, von Fnsch and Kupelwieser, 1913, Loeb, 1918, Crozier 
and Arey, 1918, Mamx, 1929, Welsh, 1930, Clarke, 1930, 1932) 
Clarke found for Daplinta that geotropism and phototropism could be 
temporanly reversed by abruptly changmg the intensity of light falling 
upon the animal A tentative explanation of the reactions of Daphrna 
to hght was proposed by postulatmg the involvement of a reversible 
photochemical process in the photoreceptors (c/ Hecht, 1929, 1931) 
This interpretation of the responses of Daphnia to photic stimulation 
largely depends, how ever, upon two assumptions 
First, it was assumed that m Daphrna the mechamsm for onentation 
IS distinct from that underlymg the other aspects of phototropism in 
vestigated (Clarke, 1932) Such an assumption was made by Ewald 
(1914) for the mterpretation of his results obtained by sfamulatmg 
Daphrna with intermittent and with colored hght Moreover, the 
assumption is strongly supported by the fact that changes m diumina 
tion which reverse the sign of phototropism do not also reverse the 
onentation of the body the animal tends to maintain a position with 
its dorsum toward the light source under all circumstances (Fig 1) 
Secondly, it was assumed that a change of sign of phototropism m- 
volves the control of antagonistic muscles in the swimming append 
ages which are reciprocally innervated It is conceivable that the 
postural angle of the antennae which are chiefly responsible for loco 
motion IS controlled directly by the impulses ansing in the photo 
receptors The result would be that, following a change m hght 
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intensity, the antennae vrould be forced by changes in muscular ten- 
sions into such a position that subsequent siranming movements 
v.ould carr} the animal toward the light Observation, ho'never, 
docs not tend to support a stnet interpretation of this Anew, if it in- 
\ohes the proposed mechamsm alone For, under these arcum- 
stances Daphua v ould ne\ er mo\ e m a positive direction except when 
the tilted backwards position for si^imming w as assumed It has been 
reported that DapJinia suddenly made photopositive sometimes turn 
around and sv.am frontwards, scuttle from side to side in a zig-zag 

A B 



I'lc I Dngram to illustrate the usual position of Dap! tna ( I) \\hen swimming 
“forv-'rd ’ and {R) vhen svimmmg “backward ” ( 1) represents an individual 
wh'ch lb regatneh phototrop’c or anodicalK galvanotropic, (B) represents an 
i"a \ ou'’l which is po^itiveh phototropic or cathodicalh galvanotropic Note 
th'’t in both cases the organism “faces” in the same direction Antenna; omitted 

cour-c, or even bump along the bottom head down (Ewald, 1914, 
Chrkc, 1932) 
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be accounted for by the presence of antagonistic muscles in the 
antennae controlled by reciprocal innervation A stimulus from the 
photoreceptors evoking the forward position of the antennae would 
result m negative phototropism, and a stimulus produang the oppo 
site position of the antennae would result m a tiltmg of the animal’s 
body backward and a photopositive swimming movement 

Since the action of strychnine has been used as a test of the presence 
of reaprocal innervation in reflexes {cf Knowlton and Moore, 1917, 
Moore, 1918-19, 1923-24, Crozier, 1919-20, 1927-28, Crozier and 
Fedenghi, 1924-25, Fnes, 1927-28) it was proposed to use this method 
in studying the responses of Dapitma to light and to galvamc current 
Modifications of tropistic reactions following strychnimzation should 
serve as a test for the assumptions under consideration 

n 

To test the effect of strychnine upon the phototropism of Daphma smgle 
a nim als ivere placed in a glass trough (8 cm long 3 5 cm wide, and 2 5 cm. high) 
lUuimnated from one end (cf Clarke 1932) After the usual phototropic reac 
tions to light had been tested, the animal was removed from the trough and placed 
in a dilute solution of strychnine sulfate in pond water (1 200 of the saturated 
strvchmne solution) After a few minutes the animal was transferred back to the 
trough and its responses again tested This procedure was repeated until the 
animal became mdifferent to the fight stimulus 

During the repetitive tests Dapitma magna' which were onginally 
negatively phototropic become constantly photopositive to all hght 
mtensities after 6 to 10 imnutes m the strychmne solution Animals 
which were originally primarily photopositive remam constantly posi 
tive In both cases the usual responses to changes of dlummation are 
abolished, neither an increase nor decrease of intensity of hght pro 
duced any reaction The orientation of the animal (its back toward 
the hght) is not altered at any tune After a total stay of about IS 
minutes m strychnme the ammals begm to somersault, and soon fail 
to show any phototropic swimming movements The occurrence of 
this condition probably accounts for the report that strychnine 
destroys phototropism in Dapitma (Moore, 1912) If the animals 

’ This and the other species tested were Lmdl> furmshed by Prof A M Banta 
from his cultures 
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are left longer m the sttychnine, tetanic spasms follow and continue 
until the animals die after about 6 hours 

In the case of Daphma longispim all animals tested ere found to be 
pnmanly positively phototropic to all light intensities Like Daphma 
V aq7!a they became temporarily photonegative following sudden in- 
crease of light intensity" After 3 to 5 minutes in strychnine solution of 
the same concentration, the positive phototropism is destroyed 
Although the animals tend to swim away from the light, the swimimng 
mo\ emcnts are no longer normal, a good deal of somersaulting being 
cxlnbitcd Rapid changes of light intensity now evoke no response 
Longer sojourns in stiy’chnme result in more frequent somersaulting 
and soon all phototropic movements are abolished 

m 

The gaK anotropism of Daphna nas investigated by placing the 
animals in a trough of pond n ater similar to the one descnbed above 
and passing a gahanic current through the water by means of zinc 
electrodes embedded in cotton pads at each end The observations 
had to be made in a dark room, to avoid any conflict between a gal- 
\anotropic and a pholotropic response The trough was illuminated 
b\ a veak light placed just above the trough \\Tien subjected to 
current densities of 0 5 to 1 0 milliampercs per cm Daphma viagna 
exhibits a strong anodic gal\ anotropism The reaction is very much 
more \ igorous v hen the circuit is first closed To a continuous current 
D pJ I id becomes progressnely less responsive until the current den- 
-it\ IS increased or the circuit is broken and made again This is prob- 
abh due to polanration within the animal To weaker currents the 
org''ni<m i=: inditTercnt whereas stronger currents produce general 
let •’me contraction vhich prexents the animal from swimming 
Undtr thc=e conditions the Dap! ma sinks to the bottom, but it alw'ays 
lies on Its Iwck vath the head toward the cathode \Vhen the direc- 
t'on of tl e current is rc\ er-ed, the animal turns itself around 
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back with its head to the cathode exactly as before This condition 
•mth reversed sign of galvanotropism but with onentation unchanged 
persists until tetanic spasms begm after about 30 minutes Strychmn- 
ized animals generally the after 1 hour when repeatedly exposed to the 
current This is very much faster than in the case of the experiments 
involving stimulabon by hght 

In Daphnta longispina the galvanotropic responses were found to be 
essentially the same as m Daphnta magna Moina macrocopa, however, 
exhibits a strong cathodic response A current of 2 0 to 2 S milh- 
amperes per cm is required in this case Treatment with strychmne 
does not alter the sign of galvanotropism and even after 30 minutes m 
strychmne solution Motua is still cathodic This form, however, is so 
small that the position of the body dunng onentation cannot be ob 
served with the naked eye 


IV 

These experiments show that strychnine has a pronounced effect 
upon the sign of phototropism and of galvanotropism, but the onenta- 
tion of the animal is not affected in either case Thus strong support 
is provided for the assumption that the mechamsm for onentakon is 
distinct from the mechanism responsible for the stgn of phototropism 

Confirmatory evidence was also obtained for the second assumpbon, 
that the antennae are controlled by reaprocally innervated antagoms- 
bc muscles When strychmne is successfully employed as a means of 
testmg for reciprocal innervation, the altered response of the neuro 
muscular system to a given stimulus is usually regarded as due to a 
“reversal of inhibition” in the reflex arcs (Shemngton, 1906) There 
are, however, other possible explanations for different cases the drug 
rmght affect directly the receptors concerned (cf Crozier and Feder- 
ighi, 1924-25), or produce a reversal of tropism without the occurrence 
of simultaneous contraction of antagonisbc muscles (Crozier 1920), 
or, finally, strychmne rmght mcrease irntabihty to such an extent that 
stimuh normally produang a simple reflex, produce tetanic contrac- 
tions of the whole muscular system similar to that in the “start” 
reflex (Cushny, 1919) 

Although these other mterpretabons of the strychmne effect have 
not been excluded, the “reversal of inhibibon” theory seems to offer 
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the most satisfactor}^ explanation of the results nutli Daphma Ac- 
cording to this mew the effect of the drug is to change normal reflex 
inhi bition into excitation, i^nth the result that both sets of antagonistic 
muscles are stimulated to contract simultaneous!}* The stronger set 
of muscles is beheved to overpower the weaker set Daphma treated 
with stryc hnin e would respond to a stimulus by simultaneous contrac- 
tion of both sets of muscles m the antennae Since str}'-chnine pro- 
duces positive phototropism, the conclusion follows that the set of mus- 
cles producing the back or photopositive position of the antennae is 
stronger than the set producing the fonv’^ard or photonegative position 
A change m fllumination no longer produces a change of the sign of 
phototropism because both sets of muscles are already in a state of 
increased tonus and the stronger continues to mamtain the animal 
m the photopositive posture Those specimens of Daphma ■vshich are 
normally pnmanly photopositive continue to show the same photo- 
tropic response after strychninization This condition can be imder- 
stood on the same basis, for, if the back set of muscles is the stronger, 
they voU control the sign of the reaction whether or not the fon\ ard 
set is also stimulated to contract 

The results of the experiments on galvanotropism may be mter- 
preted in the same way The onentation mechamsm is not affected 
by str}’’chnme and hence the Daphma always faces m the same direc- 
tion, — toward the anode Normally the animal swuns with the for- 
ward set of antennal muscles contracted and the backward set m- 
hibited and relaxed After a short stay m the str}'^clmme solution, 
however, both sets of muscles are stimulated to contract, and, if the 
back muscles are the stronger, accordmg to the deduction made above, 
the animal would be forced to swim tilted backward The result is 
that Daphma now moves to the cathode although it contmues to face 
m the opposite direction 


STOIMARY 

1 Experiments with strj’-chnme were performed to test two assump- 
tions important m the development of a theory for the mechamsms 
mvolved in the tropisms exhibited by Daphma 

2 After a bnef inter\’’al m str}'-chnme solution Daphma exhibits 
a reversal of the pnmar}* sign (o) of phototropism, from negative to 
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positive, and (b) of galvanotropism, from anodic to cathodic In both 
cases the onentation of the body remains the same 

3 The mechamsm responsible for the sign of phototropism and 
galvanotropism m Daphma is therefore distinct from that underlymg 
orientation 

4 Evidence is obtained indicating that changes in sign of tropism 
produced by changes in illumination or by subjection to strychmne, 
involve the control of antagonistic muscles in the swimming append 
ages which are reaprocally innervated 
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WHITE 

Bv EVELYN HOWARD 

(From the Physiological Laboratory^ School of Medicine^ The Johns Hopkins 
Vniversity Baltimore) 
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The osmotic relationships between the yolL and white of the hen’s 
egg have recently aroused considerable mterest because of the funda- 
mental beanng of the observed results on the general problem of cell 
ular energetics Straub (25) first called attention to the fact that to 
maintain the observed freezmg pomt difference between the yolk and 
white, the yolk must in some way produce an osmotic pressure differ- 
ence of nearly 2 atmospheres, since, m spite of the difference in freezmg 
points, the yolk membrane is freely permeable to water This dehcate 
membrane could obviously withstand no such mechanical pressure, so 
that it u as assumed that the difference in pressure must be mamtamed 
by the constant application of metabolic energy at the membrane m 
some unknown manner Straub assumed that the cell must derive the 
reqmred energy from oxidative processes at the cell membrane 
The problem of how such a steady state might be maintained would be 
of great interest m view of its beanng on water exchanges and secre- 
tion in living systems generally 

Hill (10) promptlj confirmed Straub’s observation of an osmotic 
pressure difference by means of thermal measurements of vapor pres 
sures However, Hill found that the observed difference was still 
present after the eggs had been kept for 29 days in hydrogen, and con 
eluded that hence the source of the energy which maintained this non 
equihbnum condition or steady state could not be oxidative in nature 
The question has also been studied in a senes of papers by J and D 
Needham, Stephenson, Srmth, and Shepherd (18-20, 23, 24) These 
authors find that without bactenal contammation the anaerobic 
lactate production of the hen’s egg is so low that it would be necessary 
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to use all of the energy evolved to maintain the supposed osmotic 
difference The isolated vitelhne membrane showed no tendency to 
maintain osmotic non-equihbnum when separating saline solutions 
From this and other lines of evidence the authors concluded that their 
results pointed against the idea that thermodynamic work was done 
by the membrane, and that no evidence could be obtained in favor 
of the alternative of an impermeability of the vitelline membrane to 
water 

The actual validity of the observation of an osmotic pressure differ- 
ence was denied by Grollman (8) who showed that the true freezing 
point of the egg yolk was not easily obtained, and, finding that dialy- 
sates from yolk and white were in osmotic equilibrium, concluded that 
the observations of Straub and Hill were experimental artifacts and 
that no osmotic difference actually existed between yolk and white 
Meyerhof (17), on the other hand, on the basis of dialysis experi- 
ments, supported the view that an osmotic pressure difference existed, 
however, his experiments using the vitelline membrane do not agree 
with those using collodion membranes, but indicate a considerably 
smaller freezing point depression for the yolk To explain this he 
mvokes an idea previously used by Needham, that the outer yolk layer 
had a lower osmotic pressure than the inner There is no adequate 
evidence that such a layer exists, and m any case it would be duB&cult 
to explain how such a situation might anse 
The disagreement on this important point indicated that a further 
study would be of interest Not only are there two views as to the 
existence of the osmotic pressure difference between yolk and white, 
but among those who conclude that it exists, there is no agreement as 
to its significance or as to the method by which it is maintained 

Accordingly the osmotic relations between the yolk and white of the 
egg have been studied by means of freezing point and vapor pressure 
detenmnations, and by dialysis expenments Certain previously 
unrecognized sources of error are described It has been found that 
there is no osmotic pressure difference between the yolk and white of 
the hen’s egg This is in accordance with Grolhnan’s observation and, 
furthermore, ex^ilains the failure of Needham and collaborators to 
detect the performance of any osmotic work by the yolk membrane 
The interest in the supposed action at the yolk membrane lay in the 
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fact that it appeared to be an easily accessible biological system with 
a single non cellular membrane which was analogous to secretory 
epithehal tissues in being able to use metabolic energy to maintain or 
create an osmotic pressure difference Although the egg yolk white 
system does not possess this property, many cellular tissues do, and 
the mechamsm of such tissue action remains a problem of fundamental 
interest 

The Direct Determination of the Freezing Point of Egg Yolk 

Straub (25), and previously Btalascewicz (2) and others (22, 24) have 
reported the freezmg pomt of egg white as —0 43 to —0 46, that of the 
yolk —0 60 to —0 56°C Noneof these authors give any detailed dis 
cussion of the technique used in their freezmg pomt determinations, or 
of the range of experimental error involved They also all appear to 
have overlooked a paper by Atkins (1) who gives the freezing pomt of 
the hen’s egg as —0 454°, and states that “no difference was found in 
the freezmg point of the white and yolk of the same egg, and a mixture 
of white and yolk gave the same depression ’’ Atkins describes his 
techmque in detail, having worked with a mimmum of supercooling 
and havmg approached the plateau of the freezing point from both 
higher and lower temperatures Furthermore, GroUman, using an 
electrometric method, reports experiments in freezing the yolk in which 
he failed to obtain a clear cut plateau in the temperature time curve 
(8) such as should be obtained at the freezing point, and shooed that 
very vanable temperature maxima were obtained according to the 
degree of supercooling He concluded that due to its high viscosity 
and low water content the true freezmg pomt of the yolk could not 
be determined directly by the usual Beckmann technique or by the 
thermoelectnc method which he used 

However, by the use of a technique recently desenbed by Johhn 
(11) it has been possible to freeze egg yolk and to obtain reproduable 
plateaus of temperature which can be maintained for 10 to 30 nun 
utes, and coincide with the values similarly obtained for egg white 
The method consists essentially of efiiaent stirring and strictly hmited 
supercoohng of not over 0 4°C 

The method as desenbed bv Johhn, uas closely adhered to except that in order 
to make stimng possible about 10 cc of yolk was used m a larger tube (17 mm 
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inside diameter) instead of 1 cc of solution, as used by him The apparatus con- 
sists essentially of a small tube surrounded by a double air jacket in a coohng 
bath Cooling mixture may be sucked up into the inner air jacket and then al- 
lowed to recede when the desired cooling has been attained Seeding and local 
supercoohng are brought about by adding small nngs of nichrome wire cooled in 
sohd CO 2 On exposure to air the rings become covered with a layer of frost, which 
acts as a small amount of finely dispersed centers for ice formation The amount 
of water added is neghgible, as determined bj' Johlin, but the local supercooling 
caused by the cold wire makes these nngs a very efficient method of starting ice 
formation Stimng was accomplished by moving the thermometer vigorously 
up and down a distance of a cm or less The stirring was more efficient than with 
the usual Beckmann techmque, and this is an advantage for a mixture such as 
egg j’-olk which freezes with difficulty 

It has been stated that vigorous stirnng may give too high a freezing 
point, but this could only be so if the temperature plateau was not de- 
termined as such Stirring undoubtedly adds heat to the mixture, 
but in the presence of ice and solution, addition or loss of heat should 
change the volume of the ice phase, not the temperature If an 
efficient mixing is maintained, a prolonged temperature plateau could 
only occur at an actual invariant point, unless the rate of heat addi- 
tion exactly balanced the rate of heat diffusion Stirnng was done 
by hand and was somewhat irregular, so that it was impossible that 
the heat added could have balanced the heat lost for any appreciable 
time and hence a plateau determined over a fair range of time could 
not have been shifted significantly 

The thermometer zero point was determined in a rmxture of ice and 
water Determinations on NaCl and KCl solutions checked values 
given in International Cntical Tables to within 0 002°C The egg 
white freezes very readily, and no difficulty m obtaining a constant 
temperature was encountered when using fresh eggs The yolk is in- 
chned to give deceptive apparent freezing points at vanous inconstant 
temperatures below the freezing point of the white, which could 
account for the results reported by previous investigators However, 
by avoiding too great supercoohng, with vigorous stirnng and repeated 
seeding constant temperature plateaus may readily be obtained at the 
freezing point of the white These plateaus uith the yolk check each 
other mthin a fen thousandths of a degree, whereas the lower pseudo- 
plateaus are not reproducible Pseudoplateaus do not always occur, 
sometimes the yolk goes promptl}”- to its true freezing point 



EVELVN HOWARD 


111 


Examples of actual determinations on yolk are shown m Fig 1 
Eggs were obtained from Tancred hens (a white Leghorn breed), 
and were used within 20 to 40 hours after laying Freezing points 
of the yolks and whites from six eggs are given m Table I The values 
for the yolk represent the mean of three plateau values concordant to 
within a few thousandths of a degree The plateaus were each fol- 



Fig 1 Typical determiaatiou of the freezing point of a sample of egg yolk 
Ordmates are the temperatures m degrees Centigrade and abscissae are time m 
mmutes The first curve shows an imtial rapid nse of temperature with the 
appearance of an apparent plateau which is followed by a gradual nse of tempera 
ture to a final plateau representing the freezing point The second and third 
curves show repetitions of the process in which the final plateau appears without 
evidence of any secondar> plateau The arrows mark the pomts where the > oik 
was seeded 

lowed for 3 to 10 minutes and the value for the plateau is the average of 
readings taken every 30 seconds These individual readings had a 
probable variation withm 1 to 2 himdredths of a degree, dependant 
somewhat on the rate of stirnng The readings for the white were 
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taken usually from one or two plateaus, as no difficulty m obtaining 
the true freezing point was encountered with the white The observed 
average values for the yolk and white differ by only 0 001°C , as given 
in Table I 

It is concluded that there is no significant difference in the freezing 
point depression of the yolk and white of the hen’s egg The yolk 
IS difficult to freeze not only because of its high viscosity, low water 
content (48 per cent), and high content of fat globules which have 
low heat conductance, but also probably because it contains a dialyz- 
able matenal which decreases the rate of ice crystal formation, as will 
be descnbed in the next section 


TABLE I 


Freezing Points of Yolk and White of Hens' Eggs 


Egg No 

YoE 

White 

Difference 


°C 

'C 

‘C 

1 

-0 422 


-0 012 

2 

0 452 

0 438 

+0 014 

3 

0 424 

0 426 

-0 002 

4 

0 416 

0 414 

+0 002 

5 

0 419 

0 419 

0 000 

6 

0 418 

1 

0 412 

+0 006 

Average 

0 425 

0 424 



The value of —0 425°C found in the freezing point of egg white 
is in agreement ivith the results of Rice and Young, but is somewhat 
higher than that reported by previous investigators (Straub, —0 46, 
Atkins, 0 454, Grolhnan, 0 456, Smith and Shepherd, 0 452) This 
might be accounted for by either of the folloiving reasons The value 
0 425 was obtained from eggs which were used within 20 to 40 hours 
after laying Eggs of this lot which had been kept at 1°C for 6 weeks 
still tasted perfectly fresh but had a freezing point of —0 46 for yolk 
and w'hite, an increase which is probably due chiefly to evaporation of 
w^ater Table eggs bought at another store and apparently perfectly 
fresh had a freezmg point of 0 447 Mature yolks removed from the 
ovaries of two hens had depressions of 0 408 and 0 420 respectively, so 
that the lower values are to be preferred as representing the conditions 
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in freshly laid eggs The use of a larger freezing tube similar to that 
used in the Beckmann apparatus gave somewhat greater values 
(0 03°) for the freezing point depression of white than were obtamed 
in Johhn’s apparatus, a difference probably due to the more effiaent 
stirrmg obtained in the latter The freezing of the white was per- 
formed in a tube of 10 mm diameter contaimng a thermometer of 9 
mm diameter, so that very efficient stirring was produced by movmg 
the thermometer We might thus attnbute the shghtlv higher freezing 
points of egg white observed by previous authors to the use of older 
eggs or to an inefficient stirring during the determination Eggs of 
different breeds according to Rice and Young vary slightly as regards 
their freezing pomts 

The present findings of the same freezing point for the yolk and the 
white are m agreement with the early observation of Atkins (1), and 
it IS concluded that the observations of Straub, and others (2, 22, 24, 25), 
were in error due to their failure to recognize that the determination of 
the true freezing point of egg yolk is beset with teclmical difficulties 

The Osinoltc Pressure of Egg Yolk os Determined by Dialysis 

In order to confirm the direct determmation of the freezing point of 
egg yolk just desenbed, observations were made on the freezmg points 
of solutions which were allowed to come into eqmhbnum with the > oik 
across collodion membranes Ereezmg pomt detenmnations were 
made by the same method used for egg yolk, except that volumes of 
only 2 cc were used, in a tube of appropriate dimensions The greater 
flmdity of the dialysate permits a much more efficient stirring than is 
possible with egg yolk 

It was found that it was often more difficult to obtain the actual 
freezmg pomt of the dialysate than of the yolk itself In following the 
temperature time curve, after seedmg the supercooled solution, an 
mitial rapid nse of temperature in the first | imnute is followed by a 
marked change m the freezing rate and a very slow attamment of the 
final equihbnum temperature 

Typical results obtained in freezmg dialysates are shown in Figs 2 
and 3 In Tig 2, Curve B represents the freezing of a dialysate in 
which, after the initial rapid nse of temperature dunng the first half 
mmute after seeding, there succeeded a slight but steady nse of temper- 
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ature for 10 minutes or more, to a moderately well defined plateau 
terminated by an abrupt temperature rise Curve C shows the same 
type of behavior except that an apparent plateau appears dunng the 
first 2 minutes, after which the temperature gradually rises to the final 
plateau The freezing of a 1 00 per cent NaCl solution is shown in 
Curve A, where it is seen that a plateau is reached after about 3 min- 
utes, which IS more stable than that of the dialysates, and is terminated 



Fig 2 The freezing of egg yolk dialysates compared with a 1 per cent NaCl 
solution Ordinates are temperatures in degrees Centigrade abscissae, time in 
minutes The three cunxs have the same origin, but are displaced laterally for 
convenience in representation It will be seen that, following the rise in tempera- 
ture after seeding the supercooled solutions, a constant temperature is attained 
more rapid!}' bv tlie NaCl solution than bv the dialysates 

in the same way by an abrupt temperature rise In the case of the 
NaCl solution the heat liberated by freezing results in a prompt rise to 
a temperature at which equilibrium is maintained between the ice and 
the solution Heat is continuously added by the fnction of stirnng, 
nhich gradually melts the ice, and when the ice phase is completely 
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melted a further nse m temperature ensues In the case of the dialy- 
sates it IS evident that the attainment of thermal equilibnum between 
the ice and the ongmal solution is delayed It is obvious from these 
curv es that the true freezing pomts of the dialysates are less easy to 
determine with accuracy than is that of the NaCl solution 
Fig 3 shows an even more anomalous type of freezmg, which was 
frequently encountered with dialysates It is seen that the change in 



Fig 3 The freezing of an egg >oIk djal>sate in which a secondarj low plateau 
appears before the true freezmg pomt is reached (Ordinates temperature in 
degrees Centigrade, abscissae time m minutes after the mitiaUon of the freezmg 
process ) In freezmg dialysates there were obtamed vanous tj'pes of tempera 
ture time curves similar to or intermediate between those shown m this figure and 
m Fig 2 

freezing rate which occurs after the first | minute is followed b> a 
plateau which is later succeeded qmte abruptly by a second plateau at 
a higher temperature Vanous curves mtermediate between those of 
Figs 2 and 3 are obtained, so that often a distinct initial plateau is 
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succeeded gradually by the final plateau which is terminated by the 
disappearance of the ice 

The lower plateau vanes, in dialysates of different concentrations, 
according to the temperature of the final plateau, so that it cannot 
represent a eutectic or other invanant pomt Such a secondary inflec- 
tion has never been observed in freezing NaCl or KCl solutions 

The lower temperature plateau cannot represent the true freezing 
pomt because it is followed by a higher plateau before the ice phase has 
disappeared The lower plateau is assoaated with the presence of 
large amounts of ice, which would concentrate the solution, and hence 
lower the temperature at which the liquid phase is in equilibnum with 
ice The form of the curve is such that one nught be misled and con- 
sider the initial plateau as representing the true freezing point if one 
did not follow the temperature until the final disappearance of ice If 
one does follow the temperature until the ice disappears, one finds that 
the plateau which is presented just before the ice goes is never attained 
promptly, but only after a gradual nse of temperature during which at 
times a lower plateau appears As long as ice is present in a solution, 
and stirnng is adequate to maintain thermal equilibrium, the tempera- 
ture of the solution cannot exceed its true freezing pomt 

It is only when a small amount of ice is present that the concentra- 
tion of the solution is not affected, and it is only under these conditions 
that the true freezmg point is obtainable This state of affairs occurs 
in the region of the second plateau just before the abrupt nse following 
the melting of the last ice crystals Hence one must take the true 
freezing point of a solution determined by this method to be the high- 
est temperature which is maintained at a constant level m the presence 
of ice 

The freezmg behavior of the dialysate suggests that a substance is 
present which slows the rate of ice formation This has been shown to 
be the case in the following manner Direct measurements of the 
rate of formation of ice crystals have been earned out according to a 
procedure due to Gemez (5), and previously applied to aqueous solutions 
by Walton, Brann, and Judd (26, 27, 3) Two U-tubes containing 
saline and dialysate respectively were immersed m a cooling bath, 
and after seedmg at one end, the times were obtained at which the 
ice ciA stal boundar}^ had moved a distance of 40 cm In making a 
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determination, the tubes of saline and dialysate were always seeded 
simultaneously The veloaties are a function of temperature, and 
were obtained at several temperatures The results are given m 
Table II, the velocities being expressed in cm per second It will be 
seen that the crystallization velocity in the yolk dialysate is less than 
m an NaCl solution of the same freezmg point with an average differ- 
ence of 25 per cent Whether this decrease in crystalhzation velocity is 
the only factor responsible for the anomalous freezing of the dialysates 
cannot be decided at present It is, however, interesting to note that 
MgClj solutions, which accordmg to Brann slow the crystallization 
veloaty of water, show an mflection in the temperature time curve 
when freezing which is qmte sinular to the mflection of the dialysate 
curves 

A change of crystallization velocity after the first J minute has been 
described by Marc (12-16) in the crystallization of a senes of salts in 
water solutions The first i minute of freezing was charactenzed by a 
greater velocity constant than the remainder of the process Marc 
attnbutes this to changes at the crystal solution interphase which ac 
quires certain constant properties after the first J mmute Marc 
(14-16) adduces evidence that crystallization veloaties are affected by 
means of the adsorption of inhibiting substances at the crystal surface 
Brann, on the other hand, related the effect to solvation of the solute 
m a senes of salts, whether the mechamsm is essentially the same in 
the two cases is not clear at present 

In the hght of the above experiments, it is probable that anomalous 
freezing behavior, such as shown by the egg j oik dialysate, is a phe- 
nomenon of fairly general occurrence The true explanation of this 
anomaly must probably await a more extensive knowledge of the 
mechamsm of crystallization from solutions 

In the present detenmnations, it was found that repeated freezing 
of the same dialysate gave values for the final plateau (determined by 
averagmg the mdividual readmgs) which checked to within 0 01°C 
The approach to the plateau vaned m the same dialysate between 
the two extreme types of curves shown m Figs 2 and 3 The pomt of 
imtial inflection of the curve was constant to withm about 0 02°C so 
that this anomaly is a fairly constant charactenstic of a given solution 
What substance m the yolk is responsible for this effect has not been 
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determined It is present m dialysates which are clear and colorless 
The anomalous freezing is not affected by boding the dialysate At- 

TABLE n 


Crystallization Velocities in Cm Per Sec of Egg Yolk Dialysate and Isosmotic 

NaCl Solution 


Bath temperature 

0 71 per cent NaCl 

Dialysate 

°C 



6 mm tube 

1 


-2 12 

0 228 

0 173 

1 3 

0 049 

0 041 

1 9 

0 192 

0 155 

10 mm tube 



2 3 

0 286 

0 270 

1 8 

0 153 

0 105 

2 0 

0 198 

0 106 

1 9 

0 176 

0 109 

Average 

0 182 

1 

0 137 

1 


TABLE III 

The Freezing Point of Egg Yolk Calculated from That of Its Dialysate 


A. Against 1 per cent NaCI membranes scaled in 0 71 per cent NaCl 


Weight > oU. 

Membrane weight 

Volume dialysate 

A Dialysate observed 

A ^olk calculated 

errt 

Sm 

cc 

■■Qllll 

nnKum 

19 6 

0 9 

10 



24 2 

0 35 

4 



23 8 

0 3 

4 



26 2 

0 3 

7 

0 491 


27 7 

0 5 

7 

0 487 


B Against HtO membranes soahed m H 0 

25 1 

0 4 

5 

0 304 

0 440 

27 4 

0 52 

5 

0 298 

0 423 

A.\crage 

0 427 


tempts to adsorb the material on carbon and cotton seemed to acceler- 
ate the freezing some\\hat, but were not effective enough to remove the 
inflection m the freezing cun e The mterfenng substance was present 
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m dialysates after using the following types of membranes cellophane, 
a S 3 mthetic parchment, gold beaters* skm, and collodion membranes 
made by drying to vanous degrees with or without ethylene glycol 
The interfering substance is not evident in the white of fresh eggs, but 
m the white of eggs which had stood for 6 weel^ the anomalous freez- 
ing may be very marked 

When the freezing temperature was determined by following the 
temperature time curve with constant stirnng until the abrupt nse of 
final ice disappearance occurs, the dialysate freezing points shown in 
Table HI were obtained For the experiments in Table HI collodion 
membranes were made following, m pnnciple, the method of 
Pierce (21) 

Merck s c J collodion to which was added 1 per cent ethylene glj col was poured 
into test tubes (15 X 1 8 cm ) which were rotated shghtly and dned overmght 
Membranes were then washed for SO hours m running water and placed m 0 71 
per cent NaCl (where indicated) overnight The membrane with included solu 
tion was weighed just before addmg egg yolk and the weight X 0 8 (membrane 
water content as determined by drying) taken as the weight of contamed solution 
in computing the freezing point of the yolk from the value of the dialysate The 
water content of the j'olk was found to average 48 per cent Dialysis against 1 
per cent NaCl was allowed to continue for from 1 5 to 20 hours, with gentle shaking 
at room temperature No difference m the results was obtained after 6 hours 
dialysis In dialyzing against water expenments were run for 50 hours at 1®C 
No significant differences in the osmotic pressure of the > oik at the two tempera 
tiues were observed 

The average value of the freezing point of the yolk calculated 
from that of the dialysate agrees with that obtained by direct measure 
ment with a difference of only 0 002®C 

Tins dial 3 ^is evidence that yolk and white are m osmotic equilib 
num IS in agreement with Grollman*s dialysis experiments and in 
opposition to Straub’s and Meyerhof’s conclusions from dialysis It 
IS worthy of emphasis that the true freezmg points of egg yolk dialy- 
sates are not always obtained without difficulty, and imless this source 
of error is recogmzed one may obtain erratic results 

Vapor Pressure Measurements 

In order to further verify the conclusions based upon freezmg point 
data a senes of vapor pressure determinations on egg yolk were per 
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formed In this way freezing points of egg yolk could be calculated 
from data based on an entirely different type of experimental techmque 
For this purpose the dynarmc method of Washburn and Heuse (28) 
was utilized, as used by GroUman (6) for the determination of the 
vapor pressure of dog’s blood I am indebted to Dr GroUman for 
performing these determinations of vapor pressure 


The method as iised m these expenraents consists essentiall3 of passing a stream 
of gas over the material to be investigated voth which it comes into equihbnum 
The gas saturated vath the vapor from the irnknow-n solution is then led over an 
absorber which removes the water vapor The dned gas is next led through a 
similar train in senes vath the first vhere it becomes saturated with water vapor 
irom a 1 norni solution, and it then gives up this water vapor to a second absorber 
Bj' V eighing the absorbers before and after the experiment a differential measure 
of the vapor pressure of the unknovn solution is obtained 

The saturators v ere of the tjpe descnbed by Washburn and Heuse (28) They 
consisted of a train of glass tubes placed on a rocking table, and vere about half 
filled with liquid In the absorbers the gas v/as passed through a condensation 
bulb, an H2SO4 tram, and Dehjdnte The gas (am or oxjgen) was led first over 
a presaturator containing 1 per cent XaCl, before being introduced into saturators 
containing solutions to be tested, to avoid concentration by drjnng of the solutions 
The equilibration temperature v as 20’ 

Several technical difficulties v ere encountered in can^ang out determinations on 
egg \olk which rendered the results more erratic and open to greater error than 
that encountered b3 GroUman in his stud3 of blood The viscosit3’- of egg 3 oik 
prc\ents an efficient shaking of thematenaland hence tends to prevent true equihb- 
num occumng betv een the gas and the 3 oik. To avoid this occurrence a slow er 
passage of the gas was required The passage of the gas w'as contmued for about 
20 hours, but \ as not extended further because of the danger of putrefaction 
The tendenc3 of egg v hite to foam rendered necessar3 the insertion of a trap at 
the end of the saturator contaimng this substance, to minimize any canyung over 
of small droplets of solution into the absorbers Both of these sources of error 
1 ould lead to obtaining too high xalues for the freezing point depression of egg 
^olk 

The freezing points were calculated from the vapor pressure data b3 means of 
the simplified equation of Callendar (4) which is suffiaenth' accurate when the 
freezing point depressions are less than 1 O’C 


log e 


L‘ 

P 


pr- 

9 


0 0097 ATp 


\ here is the difference m the freezing points of the two solutions, LTc is the 
molar heat 01 fusion 01 the pure sohent at its freezing pomt. To the absolute freez- 
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mg point of the known solution, and and p the vapor pressures of the known 
and unknown solutions respectively 

In this calculation of freezing pomt data from vapor pressure differences deter 
mined at temperatures other than the freezmg pomt, it is assumed that we can 
neglect the change m the heat of ddution of the solution with temperature and the 
change in the activitj with temperature As discussed by GroUman (6) these 
factors are neghgible for NaCl up to 1 m concentration, and we have no knowledge 
that they are otherwise for the constituents of egg yolk. 

The results are given m Table IV There is considerable expen- 
mental error as indicated in the range of the values, but the average 
calculated freezing point of —0 dS^C shows quite satisfactory agree- 


TABLE IV 

The freenng Point of Egg Yolk Catculaled from Its Vapor Pressure 


ExpemaeotKo 

Solution a.S%icut which yolk 
was measurol 

Frcedog pout ol 
aolutioD assuaed 

DiScnoce between 
frteriog pomt of 
yolk and Column 2 

Caletilated 
freesDg point 
of yolk 



C 

C 

C 

1 

Egg white 

-0 43 

-0 0^ 

-0 38 

2 


0 43 

+0 06 

0 49 

3 


0 43 

4-0 03 

0 46 

4 

0 75 per cent NaCl 

0 44 

-f 0 05 

0 49 

5 

1 « 

0 44 

-0 04 

0 40 

6 

H,0 

0 00 

+0 47 

1 0 47 

Average 

0 45 


ment with the value obtained directly It is slightly high, but the 
chief sources of error discussed above would tend to give too great a 
freezing point depression 

These results are m opposition to those obtained by Hill (9) using a 
vapor pressure method (10) which depends on the measurement of the 
differences m the heat of condensation of vapor in two solutions The 
method appears to be adrmrable for dilute aqueous solutions, as shown 
by GroUman (7), but the dispanty between Hill’s determinations on 
the egg and the vanous hnes of evidence presented herewith leads me 
to beheve that Hill’s method cannot be applicable to a concentrated 
VISCOUS mixture such as egg yolk, espeaaUy smce the present deter- 
minations show that the expected osmotic equihbna between egg yolk 
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and white are fulfilled, whereas Hill’s results require an explanation 
de novo ' 


SUMMARY 

The osmotic pressure of the yolk and white of the hen’s egg have 
been shown to be identical, by means of direct freezing point determi- 
nations, dialyses, and vapor pressure measurements 
Dialysates of egg yolk slow the rate of ice formation compared with 
NaCl solutions They also show a marked change of freezing rate as 
the freezing point is approached The anomalous freezing behavior of 
this matenal may lead to errors m the determination of the true 
freezing point which would tend to make the value for the yolk errone- 
ously low 

The postulate of a vital activity at the yolk membrane maintaining 
an osmotic pressure difference is thus shown to be unnecessary, since a 
simple osmotic equilibrium exists between the yolk and the white 
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AUTOMATIC RECORDING OF MOTOMENTS OF PLANT 
ORGANS 


By A E NAVEZ and T W ROBINSON 
{From the Laboratory of General Physiology Harvard Unneriity, Cambridge) 

(Accepted lor publication, June 2 1932) 

In the study of many reactions of plants m\oIvmg slow displace 
ments of organs in space, one is often confronted with the necessity 
of keeping track of the successive positions occupied at defimte mo 
ments by the organ considered as well as makmg a record of them free 
of personal bias Photographic recording seems to be the most ade 
quate procedure although it may present a certain number of diffi- 
culties The chief difficulty has been, until lately, the necessity of 
operatmg for most cases under very dim red light, inactmic to the 
plants but unfortunately also to most photographic plates Develop 
ments of the technique of supersensitization of panchromatic plates, 
followmg the work of Adams and Haller (1920), and Dundon, Schoen, 
and Bnggs (1926), on the cyamns, has very considerably reduced this 
obstacle, and the possibility of findmg on the market plates highly 
sensitive to the red end of the spectrum and m general rather umform 
as regards speed and homogeneity provides an invaluable aid 
That such records, free from instrumental or personal aberrations, 
are needed even for very much investigated questions, is shown 
abundantly by the conflictmg statements that one finds, for instance, 
in the literature of such subjects as geotropic curvature of plants 
Different authors workmg on what often seems to be the same material, 
interpret their observations in qmte different ways 
The study of the geotropic reaction in coleoptiles of Arena led us to 
develop the method here described One could perhaps use the so 
called “time lapse” photographic process (Buder, 1926) usmg one of 
the highly perfected motion picture cameras But we had it m mind 
to get a photograph of about natural size and often even enlarged 
directly on the record In many cases also where measurement is 
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important it may be very difficult to ascertain, in the tune lapse 
photographs, the identity of position of the ffim in relation to sprockets 
or drivmg mechanism on successive exposures 

Finally, as the development of this work made apparent to us, the 
camera must be versatile in its possible ways of recording For 
instance, we may need at some moment to record a phenomenon in- 
volving an upward curvature and at another moment a right-to-left 
bending 

All these reasons led us to set up the following device, which has 
proved highly successful in its operation It is based essentially on the 
possibihty of photographmg under very dim red hght to which the 
plant IS msensitive, on a plate specially sensitized to the red end of 
the spectrum ^ 

If the hght IS turned on and off automatically at regular intervals of 
time, we may keep the shutter of the objective constantly open, of 
course the whole apparatus must be completely shielded from outside 
hght 

The apparatus consists of the following parts (Fig 1) 

Camera — K long extension camera of about 40 to 45 cm working distance 
between focal plane of objective and ground glass, is provided with an objective 
(Zeiss Unar of f/5 n a and 155 mm focal distance) which under these conditions 
IS highl}’- luminous and has enough depth of focus to take care of any possible 
motion of the plant organ (here, the coleoptile of oats) m planes different from the 
one perpendicular to the axis of the optical sj’^stem In most cases the iris dia- 
phragm reduces the n a to f/9 0 Two types of plate holders are provided the 
first is a standard tj^pe, taking a plate 83 X 108 mm (3i X il inches), the second 
is buUt to take a plate 102 X 254 mm (4 X 10 inches) in a brass frame which 
can shde easily between brass rails on a reinforced alummum plate, the center of 
which IS provided mth a square opening, of the same size as the frame of the 
ground glass end of the camera This special plate holder is built to fit the square 
end of the camera in a vertical or horizontal position, to permit taking records 
with a plate moving verticall}’- or honzontalty at constant speed The displace- 
ment of the plate is obtained b}' means of a device described a little later 

With both t}T>es of plate holders the recording is done bj’’ turning on a source 
of dim, red light, mactmic for the plants, for short constant durations, at constant 
(but adjustable) intervals of time, the shutter being always kept open It is 

^ We used extensivelj the Wratten and Wamwnght panchromatic plates sen- 
sitized with neocjanine and later the same maker’s h 3 -persensitive panchromatic 
plates 
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nectssaxy to tho lecoidet completoly iiom a\l ioi this reason Wben 
the light source is turned off, the whole device is in darkness 
Light Sources — ^We used glass cylmdeis, 65 mm m diameter contammg a satu 
rated aqueous solution of fuchsm as a screen for a long 40 watt bulb of the show 
case type (with a single filament) A light tight cap holds the socket of the lamp 
in place and seals the mouth of the glass cylmder, reduang evaporation of the 
solvent The outside of the cyUnders is lacquered heavilj with a black lacquer 



Fig 1 The recording apparatus T, thermostat with lamp L and cell C con 
taimng the plant Pi Ca photographic camera with moving plate holder Jl//> 
pS plate holder shifter with magnet m and curved lever I conditiomng the travel 
of the nut « along the micrometnc screw s, put m movement by the spring motor 
sm Td, timing device with contacts for exposure e and contacts for displace 
ment of the plate d Ry relay 

to make it light proof One window 10 X 40 mm is cut m the black cover of the 
cylmder It is covered by a small frame holding a ground glass to diffuse the 
light Two sources of light of this dtscnptioTi are placed symmetncallj m the 
thermostat tank, at about 9 to 10 cm behmd and to each side of the experimental 
plant The plant is contained in a spcaal cell whose back is made with a Cormng 
G 24 plate (deep red filter) transmitting only hght of wave lengths above 620 
Care is taken to a\oid direct penetration of the beams of hght into the 
camera As the sensitivit> of Aicna according to Blaauw seems to be almost ml 
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at 530 ran, and as no phbtotropic bending has been seen even after 2 to 4 hours’ 
exposure, this lighting system is entirely satisfactorj’^ 

Relay System — The bghts are turned on and off through the medium of a clock 
vhose minute hand is arranged to brush over copper stnps sunk in a disk of 
hard rubber at intervals of 30° apart Everj’^ passage of the brush over the stnp 
of metal closes the circuit on a relay (operating on 2 volts) which is able to carry 
the load of the lighting circmt on its contact pomts This relay prevents any 
pitting of the clock contacts, which would vary the duration of illummation The 
same clock by means of an insulated extension of the mmute shaft actuates also 
the automatic shifter of the long plate holder, the contacts for this circmt are 
entirely separated from the illurmnating circuit and are adjustable so as to fall 
between times of exposure of the plate 

Plate Holder Shifter — The earner consists essentially in a long micrometnc 
screw, one end of which is provided with a arcular plate on which up to 20 pegs 
can be inserted, these are caught bj'^ a curved lever when no electneal current 
flows through the coils of an electromagnet “When the current flows through this 
magnet, the attracted lever hberates one peg and the circular plate turns imtil the 
next peg is stopped This movement of the circular plate is determmed by a 
powerful spnng, strong enough to enable a nut to travel upward along the micro- 
metnc screw, being led by a tongue-and-groove arrangement in the stand sup- 
portmg the screw To a stirrup sohdly made of fine steel rods fixed to the nut is 
attached a flexible, braided wire which passes over a pulley fixed to the ceilmg 
To the other end of the wire is attached the moving plate holder Any amount of 
travel imparted to the nut allows the plate holder to move by the same amount 

As any number of pegs can be placed in the plate, and as a large number of 
electneal contacts can be inserted m the second circmt of the clock, the distance 
over which the plate can be made to move between each exposme may be vaned 
from a fraction of a millimeter to about 11 mm 

Cell for Plant — The seedhng,^ grown in stenle sawdust in a small glass tube 25 X 
15 mm , is placed for experimentation m a container, the front of which is made of 
plate glass, the back is of a piece of Coming G 24 glass and the sides are of brass 
pieces soldered together to form a frame The pieces of glass are cemented to the 
brass b\ Piccin 

The total capaatj of this cell is about 480 cc , this is shghtly decreased by the 
presence of the movable brass mounting stand for the glass tube The stand is 
so made as to permit rotation of the seedlmg aroimd a honaontal axis b 3 " means 
of a 90° gear With addition of a set of reduemg gears this device can be used as a 
chnostat Usualh' it is emploj ed for onenting the seedlmg while the seedlmg is 
still vertical Two brass pins soldered to the sides of the cell assure the correct 
position of the mounbng for even experiment A glass plate closes the cell after 


' In most of the cases no marks are made on the seedlmg, sometimes w e placed 
small India ink dots at known cLstances from the tip 
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replacement of the moxmting stand It has been found \er> useful to coat the 
inner side of the front plate glass one « f the products sold for preventing 
condensation of Avater on glass surfaces esp“( iall\ in the cases Avhere one keeps the 
atmosphere of the cell saturated or nearl rated with waiter vapor 

RESULTS 

With the apparatus described it i pobsible to obtain iv,o t>^es of 
photographic record The first the standing plate picture” is 
espeaall> adapted for determination of time course relationships 
For instance, in the case ol a colcoptile of Avena it enables one to ob 
tain clean cut records of the time course of geotropic curvature In 



Fig 2 A standing plate picture of the coleoptile of Aicna bending geo 
tropicalU successiv e exposures cvcr\ 30 minutes 1 7a X natural size 

records of this type all successive images arc superimposed one on top 
of another, all immobile parts tvill therefore be represented by one 
trace, m opposition to any mo\nng part which aviU be reproduced as 
separate images placed one above or below another Up to twenty 
five successive C'^posures can be made on the same plate Avithout 
blurring out the different individual exposures Such an image 
desenbes automatically the course of events as related to time (cf 
Fig 2) It records successive positions of the motile portion of an 
organ in respect to a fixed portion, no motion being imparted to the 
plate, we then know the relation existing between these positions and 
time in a synthetic w ay It dispenses with the necessary orientation of 
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each exposure in relation to a common base line, an operation which is 
likely to introduce large errors The second type, “the moving plate 
picture,” permits an analysis of each successive position and the 
respective shape of the organ (Fig 3) By means of a comparator it 
IS then easy to detect very small changes m shape or position if one 



Fig 3 A “moving plate” picture of a coleoptile of A i.'c«a Exposures everj 20 
minutes 1 7 X natural size 


has taken care to fix a pointer in the field It makes possible, further- 
more, the construction of composite pictures analogous to the one 
obtained by the standing plate method It is especially well adapted 
to determinations of reaction times for geotropic excitation, as well 
as for recording gro’w th of vertically onented coleoptiles 
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The two types of record supplement one another Each has its 
speaal advantages Both can be enlarged easily up to 9 or 10 di- 
ameters, which makes the total magnification up to twenty times 
Measurements can be made m this way with an mcreased preasion 
The use of this method of recording will be demonstrated m an account 
of geotropic curvature of coleoptiles olAiiena 

SUMMARY 

An automatic photographic recording apparatus is described It 
uses plates sensibzed to the red end of the spectrum for recording 
movements of organs of plants which cannot be photographed m white 
light It enables one to obtam two types of pictures 

1 A “standmg plate” picture where the successive positions of the 
organ to be registered are superimposed on the same plate, no motion 
being unparted to the plate 

2 A “movmg plate” picture where, by means of a clock controlled 
plate shifter, each successive picture is entuely separate from the 
preceding one 
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GEOTROPIC CURVATURE OF AVENA COLEOPTELES 

Br A E NAVEZ aud T W ROBINSON 
{From the Laboratory of General Physiology^ Harvard Vniiersity, Cambridge) 
(Accepted for publicaUon, June 8 1932) 

r 

Examination of the hterature concerned with geotropic reactions in 
plants shows quite divergent statements about the rates of geotropic 
curvature exhibited by comparable organs m similar plants {cf , for 
instance, Jost, 1923, 11, p 258) Coleoptiles of Avcna have been used 
extensively for such studies Maillefer (1910) descnbes the rate of 
curvature as gradually maeasing with tune, the increase bemg propor- 
tional to the square of the time, while Trondle (1913) finds the rate of 
curvature to be constant It is true that Trondle’s way of computing 
a rate of curvature smoothes out possibly existmg divergences and that 
the procedure is highly objectionable 
On the other hand LundegJrdh (1917) finds it possible to divide the 
whole geotropic curvature mto three phases a ‘‘Start Phase” before the 
curving IS actually visible with naked eye, a ‘‘cumotonsche Phase" 
where the process goes on at constant rate, terminated abruptly by the 
onset of the ‘‘Gegenreaktion,” the last phase 
From our own observations it is rather difficult to admit, m general, 
such a clean cut subdivision of the geotropic reaction, furthermore, 
we are m disagreement with LundegSrdh as to the constancy of the 
rate of curvature, as we will later demonstrate Most of the differ- 
ences encountered probably ongmate m the difficulty of obtaimng a 
record of the process free from personal or instrumental error The 
apparatus developed by us for obtammg records of the process of 
geotropic curvature seems to be free from such defects, and it has 
proved serviceable in the present work It was used to determine the 
steps mvolved m geotropic curvature in Avcna as related to time, as 
well as to get more information as to the changes m the shape of the 
region near the tip of the coleoptile This last point is of great interest 
m the determination of the “reaction time ” 
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Technique — For a description of the photographical recording apparatus we 
refer to our previous paper (1932) It will be sufficient here to say that the pnn- 
ciple of the method used is to record automatically, on a plate sensitized to the 
red end of the spectrum, successive positions of the experimental plant at regu- 
larly spaced intervals, the plate may be either fixed (in which case only the moving 
part of the organism is recorded by images separated on the plate) or it may be 
moved at regular mtervals of time (the records are totally separated in this case 
and are placed one above the other on the plate) 

As we have encountered a few difficulties in obtaining straight coleoptiles of 
A vena, and as we found m some cases departures of our standard technique to be 
influencing to a certain extent the exact reproducibiht)'^ of the results, we mav 
describe our procedure m some detail 

The seeds used were of a pure strain of Avena, the so called “Comelhan oats 
An examination of the dr}' seeds showed them to be remarkably uniform in external 
characters, we took care, nevertheless, to eliminate the infrequent seeds which were 
smaller than the normal in any one lot taken at random They were kept in an 
air-tight glass container which prevented water loss These seeds, after removal 
of the seed coat, were planted in stenie maple sawdust (c/ Navez, 1929) contained 
m glass vials 25 mm high by 15 mm m diameter, the sawdust retaimng 4 3 tunes 
Its weight of water The seed itself is planted dry, with the embrj'o side upwards, 
the axis of the seed being inclmed about 10° from the vertical and the tip of the 
seed being about 2 mm above the sawdust level (the rim of the vessel) Germina- 
tion proceeds in a light-tight, ventilated germination box, flat-black inside, in an 
air thermostat kept at 22° or 22 5°C The vials are fixed in a wooden base pro- 
vided with holes where the vials fit loosely 

After 72 hours the seedhngs are ready for use, the coleoptiles are then 25 mm 
long on the average, they are at the period of maximum growth rate, oiz , on the 
almost straight portion of their growth curve The departures from this length are 
small, of the order of ± 2 mm At this moment the seedhng, in its vial, is fixed m 
a vertical position on an adjustable mounting stand The adjustable stand is 
then returned to its normal position (determined by two brass pins) in the cell 
kept m a water thermostat and the moment of rotation of the seedhng through an 
arc of 90° considered as tune 0 All these mampulations are done under the very 
dim red light provided by a Wratten safe-hght lamp with a Senes 2 filter and a 20 
■watt bulb The lower spectral hmit of such light is 635 mg and is thus of a wave 
length considered as induang no phototropic effects in the seedhng The first 
photographic record is taken as soon as possible, i c , ■viithin 30 seconds of the time 
of turning the seedling horizontal!} In the experiments here reported the tem- 
perature of the thermostat nhere the plants nere reacting nas adjusted to be 


^ \\ e are \ erx much indebted to Dr W T Craig of the Agncultural Experiment 
Station, Cornell Uni\ ersiti , Ithaca, N Y , for supph ing us with this strain 
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equal to that of the germination thermostat (22° or 22 5°C ) , this reduced the tune 
of thermal adaptation to a minimum Furthermore the dark room where the 
thermostats arc kept was maintained at about the same temperature The atmos 
phere of the glass cell where the geotropic reaction took place and of the germina 
tion box, was adjusted at 75 to 80 per cent of the saturation point in water vapor 
With this technique it is possible to obtain without special difficulty coleoptiles of 
Aieim of uniform length and behavior the results obtamed with such material 
show onl> very small variations 


II 

Examination of Fig 2 of the precedmg paper shows immediately 
that we may distinguish two periods in the geotropic response the 
pure geotropic reaction, and the autotropic oscillations In none of 
our records have we detected anj mixture of these two effects occur 
ring simultaneously, so long as we work with our pure strain of Aveiia 
Our strain shows the two reactions clearly separated in tune This 
IS not true of all strains, m a few tnals with some seeds of unknown 
origin we have found the two manifestations conflicting one with 
another 

In the subsequent treatment of our data, we wiU consider only the 
true geotropic curvature 

Shape of the Curved Caleoptile — All reactmg seedlings showed a 
smooth, rounded curving which in the successive stages shortens its 
radius of curvature In no case have we observed an almost straight 
tip separated from a straight base by a very short curved portion 
The fact that such “curvatures” have been observed and represented 
by rehable workers makes it highly probable that some specific struc 
tural differences m diverse races can affect the external appearance of 
the bent coleoptile 

Examinahon of one of the pictures (Fig 1) that we may consider as 
typical, — or, what is better, working on a photographical enlargement 
of such a picture — shows that the upper and lower profiles of the 
coleoptile are not one and the same curve merely shifted, this is espe 
aally so m the region of the tip In other words, if we wash to deal 
with curvatures of such stems, we have to define a reference Ime 
For theorebcal convemence we have chosen for reference the axis hne, 
the neutral axis of the coleoptile, with the meanmg used m work on the 
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resistance of matenals ^ In the pictures this neutral axis is easily 
determined through the symmetncal construction of the coleoptile 
the neutral axis must be equidistant at each point from both upper and 
lower profiles In further discussion this hne is the one used, unless 
specifically stated otherwise As far as can be determined, for all the 
pictures of bendmg coleoptiles obtained, the successive neutral axes of 
the bending part of the stem correspond very nearly to arcs of arcles 
rather than to portions of hyperbolas or parabolas (Fig 1) Such 
arcs of circles can be defined by the positions of their centers, the radii, 
and the angle subtended by the arc 

The locus of the centers of curvature during the progress of bending 
IS an arc of a curve of parabolic type, it is not a straight hne perpendic- 
ular to the neutral axis at the point where the curved portion of the 
neutral axis becomes tangent to the horizontal straight part of the 
same axis, as nught be expected for the simple case The departure 
from simple expectation can be attnbuted to two causes, which may 
add their effects, namely (1) the stem is growing while the bendmg 
takes place, (2) the stem shows a certain amount of viscous elasticity 
or sheanng, one might think of the first of these two causes as the 
main factor affecting the locus of the centers of curvature, since elon- 
gation does occur 

The radius of curvature vanes also with time. Fig 2 shows the type 
of relation obtained But as m the first stages of curvature the radii 
are very large and ver}'- difficult to measure ivith accuracy, the first 
obsen^ation points of Fig 2 are subject to a probable error which must 
be large The angle subtended by the curving part is readily deter- 
mined by measurmg the angles that the tangents to the neutral axis at 

- The neutral a-as is a more logical reference line than one of the profiles (as used 
bN Dolk, 1930, p 63), for two reasons (1) the two profiles are not the same curve 
mereh shifted, (2) the diameter of the coleoptile varies vith the distance from the 
tip The same objections applj also to the method used by Dolk for determining 
the cun ature of different regions of the stems The graphs given in his memoir 
(rf his Tigs 8 to 25) correspond to radii of the concave profile and are not neces- 
sarih identical in time relation vith those which can be obtained for the other 
side, especialh when using Dolk’s method of measunng the radii We have found 
such difficulties in the use of this method when we applied it to our seedlings as to 
preclude accurate measure of the cun atures of the stems 
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the tip of the stem make with the honzontal By a simple geometncal 
construction one can readily see that m the case of arcs of arcles the 
angles at the center and those just defined are equal This procedure 
has the advantage of rehevmg us from determimng the centers of cur- 
\ature — or the locus of these centers — and subsbtutes for it the 



Fig 1 Successive positions of the neutral ans of a geotropically curving coleop- 
tile at 30 minute intervals of time and locus of the centers of curvature of these 
arcs 

measurement of a tangent to an arc As can be seen m Fig 3, the 
change of this angle with time is not haphazard it is best descnbed by 
a smooth sigmoid curve having a pomt of inflection at about 42 per 
cent of total completion This curve gives us also a way of definmg a 
‘rate of bending” which may be less arbitrary than the ‘‘rates of 
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curvature” as used in the literature ® Angular displacement of the 
tip and linear displacement of the tip have been used to give such 
“rate” curves It is obvious that even on a photograph, espeaaJl}^ if 
reproduced by direct contact mthout enlargement, it is very difficult to 
measure vTth any preasion the angle that the tip makes with the 
honzontal This is particularly so when the coleoptile bends in a 



smooth, rounded cun’-e without any straight portion near the tip 
As to the estimation of this angle bj’- visual obseri’^ation, w e think that 
the experimental error is so great as to make this measure almost 

* This cun e gi\ es us a relati\ e measure of the amount of cunmg tissue, as ive 
know for an\ position of the neutral a-os the corresponding radius of cun^ature and 
the angle subtended bi the cun ed part 
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useless The linear displacement of the tip (as used by Brauner, 1922, 
for instance), measured from the point occupied by this tip at zero 
tune as ongm, is also inadequate, because of the lack of correspondence 
between an arc and its chord for angles of the magnitude here observed 
The denvative of the Curve A in Fig 3 gives us a more reasonable 
way of defimng a “rate of curvature ” It is apparent from Curves A 
and B that the curvature is not proceedmg at a constant rate, as it 
has been descnbed, and that it is difficult to divide the curve mto 3 
parts as LundegSrdh has done We can only state that the rate of 



Fio 3 CurveA, thetiraerelationof theanglemadebythetangenttotheneutral 
axis at the tip with the honzonta] 

Curve B, the denvative of Curve A, showing the vanaUon in the “rate of 
curvature ’ 

curvature at first increases with time, passes through a fauly well 
defined maximum at about 90 nunutes after the beginmng of the 
experiment, under these conditions, and then gradually decreases to 
zero 

Fig 4 shows that for different seedhngs grown under the same con- 
ditions the denvative curves are m good agreement Srmilanty be 
tween curves for smgle seedlings shows obviously that the lack of 
sharply defined penods m the reaction is not a matter of smoothing 
out by averaging different curves, but is intrmsic 




140 


GEOTROPIC CURVATURE OR AVENA COLEOPTILES 


Ftrsl Steps vi the GeoUopic Response — ^In a few pictures we observed 
that before any upward bending occurs, a slight drop of the tip of the 
coleoptile lakes place The fact that the base of the coleoptile remains 
exactly in its ongmal position excludes the idea of a shift of the organ 
due to packing or displacement of the sawdust in which the seed 
grows 

As this phenomenon was not of constant occurrence we must con- 
clude that it IS probably not a fundamental step in the geotropic reac- 
tion, but that more likely we have to do with a nutational movement 
Perhaps it is a passive sagging of the tip of the coleoptile, progressing 



Fig 4 A set of derivative curves (as in Fig 3, B) shoeing the similarity of the 
course of the reaction with individual seedlings 

until the true geotropic response occurs Bose (1906) and Maillefer 
(1910) are probably the only authors who have investigated this bend- 
ing, but, despite the extensive tables published by Maillefer, we can- 
not be convinced that the sagging is the first step m the geotropic 
response, the phenomenon occurs m only 3 of his observations Even 
then the amplitude of the downward bending is often of the order of 
magnitude of the nutational movements descnbed m the literature 
In any case we would consider it as a mere mechanical sagging rather 
than a short phase of positu c geotropic response rapidly reversed by 
the true geotropic bending 
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Gcogrowth Reaction 

Opinions as to a "geogrowth reaction” are divided one group of 
observers admits, the other rejects the idea that on geotropic stimula- 
tion the normal rate of elongation of the coleoptile is affected 

As pointed out before, the period of utihzation of the coleoptiles, in 
our work, corresponds to the almost straight part of their growth 
curve 

The total duration for the geotropic reaction here studied is about 3 
hours If such a thing as geogrowth reaction exists, it will obviously 
be shown best by the way m which the neutral axis of the coleoptile 
changes with time This change, as weU as that of the upper and 
lower profiles, can be very easily measured on our plates The fixity 
of both plate and object in respect to one another removes the diffi 
culty of ascertaimng the fixity of a reference point from which to 
measure elongation This pomt is taken at 22 to 25 mm from the tip, 
m a region where virtually no growth is found dunng the penod of 
geotropic reaction The length of each line considered is measured on 
the enlargement by means of a preasion map measurer, the preasion 
attained in successive readings of the same length is of the order of 1 
part m 400 

As shown in Fig 5 there is no apparent “growth reaction,” either 
positive or negative The Curve A, relatmg elongation of the neutral 
axis to time, is a straight hne over the 3 to 4 hour period dunng which 
the geotropic reaction occurs The fact that before and after the 
moment the plant is stimulated elongabon proceeds at the same rate 
also precludes the existence of a lag penod for this hypothetic geo 
growth reaction, analogous to the one occurrmg on hght stimulabon 
(Blaauw, 1914) 

Another pomt which also clearly comes out of the analysis of our 
pictures IS the relative rate of elongation of the upper and lower 
profiles As depicted by Curve B m Fig 5, the upper side slows down 
its rate of elongabon by an amount nearly equal to the one by which 
the lower side (Curve C) mcreases its rate But m no case have we 
found complete inhibibon of growth on the upper profile At most we 
find a parbal inhibition These results depart from a good many 
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reported, perhaps for the reason that in our espernnents no other sig- 
nificant stimulus was actmg at the same tune as the geotropic vector 
All direct contacts with the plant being avoided, the method is free 
from mterference by accidental stimulation Very hkety we are 
justified m attnbutmg to such technical defects some of the results 
reported bj’- pre\nous authors 



Fig 5 Cur\ e A, elongation of the neutral ajas during geotropic response 
Cun e B, elongation of the upper profile of the same coleoptile during geotropic 
reaction 

Cun e C, elongation of the lower profile during reaction 

TV 

Cimalurc and Dislrihulion of Grouth Siibstance 

How do the preceding obser\'ations fit in with the hormonal theorj^ 
of the geotropic cun. ature^ In experiments performed by one of us 
(A E X ) we have tned to correlate the angle made by the tip with the 
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distnbution of growth substance between upper and lower halt of the 
tip The technique used was essentially that of Went (1928) and 
Dolh (1930), using a 3 per cent agar-gel for eirtraction of growth 
substance, the lengths of the tips cut from the reacting plants were 
between 7 and 10 mm long, the duration of contact for diffusion mto 
the agar was always 60 minutes 

Care was taken to rub the httle razor blade used for prevention of 
cross diffusion between both halves, before use, with a small piece of 
paraSin which left on it a very thin coat of this substance suffiaent to 
suppress capillary creeping of the tissue jmce The blade protruded 
about 1 mm above the small blocks of agar used to receive the diffu 
sate (For full details concerning this technique the reader is referred 
to the papers of Went and Dolk ) On the assumption that the curva- 
ture is detenmned by unequal growth on the upper and lower flanks of 
the horizontally placed stem we ought to And a definite correlation be 
tween the differences in amounts of substance in the upper and lower 
halves of the coleoptile, and the angle through which the stem has 
bent In other words, it is when the tip of the coleoptile is placed hon 
zontally that the difference should be maximum,* as the tip is gradually 
brought back to verticahty the difference should decrease and reach 
zero when the tip is again vertical The ratio of the amounts of growth 
substance present in the two halves ought therefore also to vary accord 
mgly with the angle made by the tip with the vertical 

In the set of experiments here bnefly reported, we did not have a 
large enough number of observations to enable us to treat the data 
statistically, they will be amphfied in a subsequent paper and are given 
here only as a corollary to the discussion of angular displacement with 
time 

In Table I the amount of substance present m symmetncal halves of 
tips IS expressed in terms of degrees, mdicating the amount of deflec 
tion observed in prepared standard coleoptiles of Avena when supplied 
with a standard block of agar containing the diffusate from the tip of 
the coleoptile under measurement We know from the experiments 
of previous investigators, and our own, that for a tip placed vertically 

* Of course, this largest difference is not instantaneous It can reach its maxi 
mum only after a lapse of time suffiaent for shifting the growth substance from its 
state of eqmdistnbution has been allowed A lag penod ' is thus expected 
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we have an equal distnbution of growth substance in what we would 
call “upper” and “lower” halves if the coleoptile were placed hori- 
zontally With four tips placed on the same agar plate, this amount 

TABLE I 


The growth substance diffusing from tips of vertical coleoptiles is equally dis- 
tributed betv een the two halves of the tip 


Iso of tips 

‘Upper” 

‘Lower” 

4 

13 0“ 

14 0“ 

4 

17 0° 

19 0° 

4 

16 0“ 

13 0° 


TABLE n 

The amount of growth substance diffusing from upper and lower halves of tips 
of coleoptiles of Avena placed horizontally and subsequently reactmg, vanes with 
time The amounts are expressed in degrees of deflection of test coleoptiles (see 
test) after 90 minutes 


Angle of tip to the 
\ertical 

Duration of 
stimulation 

L 0 of tips tested 

Average deflection of test coleoptiles 

“Upper” half 

“Lower” half 


min 




90’ 

15 

6 

7° 

16° 


20 

4 

9° 

16° 


20 

8 

4’ 

13° 


30 

4 

5’ 

18° 

60’ 

75 

4 

11° 

15° 



4 

12’ 

16° 



6 

O 

O 

15° 

30’ 

110 

4 

12° 

14° 



6 

8° 

13° 


1 

4 

11° 

15° 



3 

1 

12° 

14° 

0’ 

160 

4 

6° 

7° 



4 

12° 

12’ 



4 

15° 

16° 


of substance, m three successive experiments, is represented by the 
figures in Table I 

Tor the expenments using tips of coleoptiles removed while the 
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stems are bending, the number of plants used for each expenment was 
\ anable and is given in the column “No of tips tested” m Table n 

From Table If we can conclude that the distribution of growth sub 
stance is in itself directly influenced by gravity and that its distnbution 
continues to be affected by this factor while the bending takes place 
One may conceive that the apparent ratio of distribution is in part 
dependent on the utilization of the growth promotmg substance for 
further growth, and that its decrease ought to follow the progress in 
bending The data thus far collected show in a quahtative way that 
such an assumption is vahd 

SUMMARY 

Applying a photographic recordmg method, and workmg on 
enlargements of the plates so obtained, the shape of the geotropically 
curving coleoptile of Avena was studied This shape is expressed m 
terms of curvature of the neutral axis of the coleoptile, for the true 
geotropic response of the stram of Ajena used, the curvature of the 
neutral axis is an arc of a arcle The “rate of curvature” is taken as 
the denvative of the curve relating time with the angle with the 
horizontal made by the tangent to the neutral axis at the tip This 
rate increases up to a maximum and then decreases gradually No 
“geogrowth” of the whole coleoptile is found It is shown that the 
curvature is due to an increase m the elongation of the lower side of the 
horizontally placed coleoptile with a concomitant decrease of the rate 
of elongation of the upper side This is correlated with a shift in dis- 
tnbution of “growth substance” m the tip as affected by change of 
position of the coleoptile 
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PROTOPLASMIC POTENTIALS IN HALICYSTIS 


II The Eefects of Potassium on Two Species with 
Different Saps 

Bv L R BLINKS 

{From tilt Laboratories of The Rockefelter Institute for Medical Research) 
(Accepted for publication May 20 1932) 

In studying the potential differences in plant cells it is desirable 
to alter the solutions in contact with the protoplasm, not only at the 
outer surface, but at the inner or vacuolar surface as well, smee this 
may differ from the outer in its properties Such intenor alteration 
may be done expenmentaUy (to be desenbed m other papers of this 
senes), or by the companson of different speaes essentially alike 
except for different vacuolar saps A stnkmg case of such a natural 
experiment is available in the two known Amencan species of Hah- 
cyslts H Osterhouhi of Bermuda has a cell sap diffenng only shghtly 
from sea water in composition,* H mahs, of the Pacific Coast, on the 
contrary accumulates potassium (as chlonde) to some thirty times 
its concentration in the sea water * These two speaes differ other- 
wise only in minor details of morphology’* They thus offer an 
excellent opportumty to test the internal effect of a salt so generally 
active bioelectncally as potassium chlonde 
Has H avails a relatively high positive potential, like Nilella, as a 
result of the high potassium content of its sap? Or does it, hke 
another marme plant, Valonia, have a small negative potential? 
What part of the observed potential is due to the potassium concentra- 
hon gradient, what to an mdependent, internal gradient or asymmetry 

* Bbnks, L R , and Jacques, A G , J Gen Physiol 1929-30 13, 733 

’Brooks S C,Proc Soc Exp Biol and Med 1929-30 27,209 
’Bbnks, L R. and Blinks A TorreyBot Club 1930-31 67,389 

* Snutb, G M , Observations on some sipbonaceous green algae of the Monterc> 
Peninsula, in Contributions to manne biologj Stanford University Press, 1930, 
222 
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m the protoplasm? Fmally, of cntical importance to the theorj’' of 
accumulation of electrolytes, does potassium ion have a higher mobil- 
ity m the protoplasm of H ovahs where potassium is accumulated, 
than in H Osterhouiii where it is not accumulated? 

In answer to these questions, compansons are given in this paper 
between the potentials obser\’’ed wath H OsterJioutn and H ovahs 
under smular experimental conditions 

Method 

The method of impalement and measurement has been described elsewhere in 
more detail ® Fine glass capillanes, filled with artificial sap, were inserted from 



Fig 1 Potential diflcrencc across the protoplasm of Hahcvstis oralis immedi- 
atel\ after impalement The groivtli of pd in B Osterhoutii is essential!} the 
same Cells m sea ’s\ ater 


abo\c into the cells, ishich were supported below on glass nngs® Measurement 
■was b\ compensation, the null instrument being a vacuum tube electrometer 
drawing no appreciable current Saturated KCl-calomel electrodes with KCI 
salt bndges were cmpIo\ed for accurate measurements For conaenience in 
rapidl\ measuring a senes of impaled cells, siher ware electrodes were sometimes 
used These were frequenth recoated electroh ticalK with chloride The} gave 
potcna-’ls not o\ cr 1 m\ ap'wt when both were in equilibnum wath sea water, or 2 

^ Blinks, lu R,J Ga PI \s-o! , 1929-30, 13, 223 

* Damon, E B , / Gcr PI, sto’ , 1931-32, 15, 525, gives an illustration of this 
arrangement to’- supporting cells 
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or 3 mv apart when one was in artificial sap These corrections were apphed to 
the readings TOen natural sap was applied extemall> to the cells it was found 
that the silver electrode could not be irameraed directlv therein without giving ver> 
erratic readings, the chloride was possibly reduced by some orgamc substance of 
the sap (This would constitute a very senous objection to the insertion of silver 
electrodes, such as Sen’s microelectrode ^ directly into cells ) A guard tube was 
therefore employed in these cases the electrode bemg kept in artifiaal sap, which 
communicated with the natural sap through an agar filled capillary 

The cells were usuallj betv-een 5 and 10 mm m diameter and frequently had a 
bit of the Lxtholhamnium substrate still attached to the pedicel Cells in active 
reproduction were not used but the potentials of those impaled a day or two after 
reproduction did not differ markedly from those which had recovered for longer 
periods Subsequent reproduction did not usually occur while the cells were 
impaled, although they might live as long as 2 or 3 weeks, » e over one reproductive 
penod 

Since neither calaum nor magnesium content nas included m the analy'ses ® of 
B avahs sap available at the time of experimentation artificial sap could only be 
made up approximately This was done by mixing 1 5 parts of 0 5 m K.C1 with 1 
part of sea water giving the ratio K — Na = 15 found bv Brooks ^ That 
this was a fair approximation v,as shown by the similar behavior of such artificial 
sap and of natural sap extracted from the cells 
Throughout this paper the potentials given are those of the outside solution, 
this bemg positive to the sap in the external aremt (positive current tending to 
flow outward across the protoplasm) In the figures these positixe potentials are 
plotted below the xero line in conformity with the convention for Valmiia and 
Ntlella in this Laboratory This is the reverse of the plotting used m the first 
paper* of this senes Change of solution is indicated by arrows 

Comparison of Potenhals tn Sea Water 
Immediately after the impalement of cells of either species of 
HaheysUSy there is zero potential difference, or at most a few miUi 
volts, measurable between sap and sea water But (as shown for 
E ovahs in Fig 1), this rapidly increases, reaching in the course of 
30 to 60 minutes a maximum which is then maintained during the life 
of the cell, — as long as 2 or 3 weeks There are subsequent small 
fluctuations from day to day, but the potential of healthy cells seldom 
goes below 50 mv (except when conditions are experimentally altered), 
nor does it much exceed 90 mv In general the potential of H Osier 
houUt lies between 60 and 75 mv , that of E o'^alis somewhat higher 

'Sen,B ,Pro£: Soc Exp Btol oridJ/ftf, 192(^30, 27, 310 
* Hollenberg G J , 7 Gen Phystol , 1931-32 16, 751 
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between 70 and 85 mv The figures given in Table I were ob- 
tained from a group of several hundred readings for each species 
(all after at least 1 day’s impalement) , partly from routine detenmna- 
tions of all cells impaled at any given time (taken each day or tw^o), 
partly from the initial readings obtained with cells before expenmenta- 


TABLE I 

Comparison of Potential Differences across the Protoplasm of Impaled Cells of Two 

Species of Halicystis 


1 

1 

Mean 

\alue 

Average 
deviation of 
readings 

No of 
readings 

Probable 
error of 
mean 


mr 

mp 


mgm 

E o-a/ir (1931) 

79 7 

±5 0 



n Oslerko tilt (1930) 

65 6 

±9 1 



(1931-32) 

68 4 

±4 2 

■I 

±0 3 



Tic 2 Fig 3 

Fig 2 Potential difference across the protoplasm of H oialts in sea water and 
in freshh extracted natural sap 

Fig 3 Potential difference across the protoplasm of 27 oc.ahs in sea water and 
m artifiaal sap 

tion The readmgs below 50 mv were discarded in computing the 
mean, since almost in\anabl> these were accompanied with evident 
iniuiy, the cell usually d^ang the same day, with rapid decline of 
piotenlial to zero They thus represent, in the author’s opinion, as 
nearl\ as possible a fair sample of health} cells of each species The 
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values for E OslerJwttln for 1931-32 should be given more weight 
than those for 1930, since the technique was better, and the average 
deviation less We assume therefore that the mean potential differ 
ence across the protoplasm of B malts is about 12 mv more positive 
than across that of E Oslarltoulti, each being immersed m the sea 
water of its accustomed environment and measured under the same 
general conditions of experimentation, eg temperature (15-20°C), 
lUununation (diffuse north hght m the laboratory), pH (8 1), etc 

Tie External Apphcatton oj Polasstnm Chloride 

Smce the higher positive potential occurs in E malts, the species 
containing the higher concentration of KCl, it is mterestmg to know 
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Fig 4 Potential difference across the protoplasm of E malts in sea water and 
dunng successive apphcations of natural sap Artiiiaal sap is substituted for 
natural sap dunng the second exposure 


how much of it is due to that salt This is determined by abolishing 
the gradient of KCl concentration across the protoplasm Solutions 
contaming 0 3 m KCl (approximately the amount in the sap of E 
trails) were applied (maintaining the necessarj physiological balance 
with salts of calaum and magnesium) The effects of applying 
natural sap and artifiaal sap to E malts are shown m Figs 2 to S 
There is first a rapid decrease of potential, follow ed by a slow er increase 
dunng which the potential is again built up, usually to about 60 mv , 
but in a few cases nearly equaling the ongmal potential in sea water 
Since this occurs when the potassium concentration is equal on both 
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sides of the protoplasm, the observed potential in sea water must be 
largely protoplasmic, the potassium potential contnbuting at eqm- 
libnum only 20 mv out of nearly 80, and often less Very similar 



Fig 5 Potential difference across the protoplasm of H ovalxs in sea water and 
artificial sap, showing reduced effect of second exposure 



Fig 6 Potential difference across the protoplasm of Z7 in normal sea water 

and in potassium sea water (artificial sea water in which potassium is substituted 
for sodium) 

cur\cs (Fig 6) are obtained when potassium sea water (artificial sea 
we ter m which the sodium is entireh replaced by potassium so that 
KCI = 0 5 m) IS applied evtemalh , a large positive potential per- 
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sisting even though the gradient of potassium concentration is 
now reversed 

However, because the gradient of potassium chlonde contnbutes 
only partially to the observed steady potential across the proto 



Fig 7 Potential difference across the protoplasm of B Osterhontn m normal 
sea water and in artifiaal sea water contammg (a) no sodium, (6) no potassium 
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Fig 8 Potential difference across the protoplasm of B Osterhoutit in normal 
sea water and m potassium sea water (sodium replaced by potassium) 


plasm, it IS not to be assumed that K'*' ion has a low mobiht> thcrcm 
(or one nearly equal to that of the anion) On the contraiy , if KCl 
diffused extremely readily into the protoplasm, so that the latter 
soon contained nearly as high a concentration of this salt as the sap, 
the potential across the inner surface at least would be greatly reduced 
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(c/ Damon®) That this may happen is indicated by the behavior 
when potassium chlonde is applied externally, the rapid lowering of 
potential probably being due to the diffusion potential, the recovery 
to the disappearance of the gradient as diffusion proceeds From the 
maximum height of the upward cusp, therefore, could be calculated 
at least a minimum mobility for potassium ion, relative to cliloride, 
and this would have rather a large value, just as in Valoma ® But 
except where the curve flattens out well, the autlior is inclined to be- 
lieve such calculations rather doubtful in significance, since the height 
may depend largely upon the speed mth which one solution is sub- 
stituted for another 

A decreased effect of solutions containing potassium cliloride is seen 
when one exposure quickly follows another, with only a short inter- 
vening sojourn in sea water (Figs 4 and 5) This might also indicate 
that potassium has entered the protoplasm to a considerable extent 
during the first exposure, and has not rapidly diffused out again 

In order to compare the two species, the same experiments were 
performed with H Oslcrhoidu, in w'hich potassium has essentially the 
same effect Figs 7 and 8 show^ such experiments There is again a 
large but temporar}' decrease of the positive potential, followed by a 
rise in which the potential is built up to a value about 20 or 30 mv 
low er than the original value Here again we may assume that the 
cusp represents the diffusion potential of KCl, and the recoverj’^, the 
diffusion of KCl into the protoplasm (and probably also into the 
^acuolc) The behavior is practically identical in the two species 
except that potassium ion may have even a higher mobility in E 
Oslcrhoulu 


The Inlcnor Alteration of Potassium Content 

Wc might therefore assume that if the sap of E Osterhoutii could 
m some manner be increased in potassium content, the potential 
across the protoplasm would become higher This assumption has 
been recently justified by a simple method of \acuolar irrigation, 
which will be more full} described in another paper dealing with the 
experimental alteration of cell sap For present purposes it max be 
said that it has proxed possible to mix the fresh natural sap of E 
' Daron, E B , I Gcr P! \s P , 1929-50, 13, 207, and unpublished results 
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Osterhoutii with an equal volume of 0 6 u K.C1 solution, thereby raising 
its fiotassiimi content approximately to that of H malts When this 
mixture is irrigated through the cells of E Osterhoulit, the potential 
across the protoplasm often nses from 65 mv to 80 mv or more, and 
m some cases has remained at 75 mv for several days thereafter This 
indicates that potassium has much the same effect on the inner sur- 
faces of the protoplasm of both speaes, and that the higher potential 
of H malts is probably largely due to the higher potassium content of 
its sap The reverse experiment, remaining to prove this, would 
involve the lowenng of KCl in the latter species But to bnng this 
down to the level of H Osterhouin would require a 30 fold dilution of 
natural sap with isotonic NaCl, etc , an amount vihich the cells have 
so far not been found to endure Were both species simultaneously 
available, the fresh sap of E Osierbotiin could probably be substituted 
in the cells of E ovalts v, ithout difSculty, just as that of Valonta can 
be irrigated through E Oslerhoultt It is hoped that this experiment 
may be performed in the future 

CONCLUSION 

It should be pointed out that these experiments do not favor the 
hypothesis that potassium is accumulated more in some plants than 
in others because its ionic mobility is higher in their protoplasm In 
the two speaes of Ealtcyslts, the electrical effects of potassium (hence 
probably its ionic mobility) are almost identical, or slightly larger in 
E OslerhoiUit Yet E malts accumulates KCl some 30 fold, E 
Osterhouin not at all 

For their kind invitation to work at Pacific Grove, and for the use 
of the faalities of the Jacques Loeb Laboratory, the author is deeply 
indebted to Dr W K Fisher, Director of the Hopkins Manne Station, 
and to Dr G J Peirce, executive head of the Department of Botany, 
Stanford University 

SUMMARY 

The potential difference across the protoplasm of impaled cells of 
tivo Amencan species of Ealtcyslts is compared The mean value 
for E Osterhoulit is 68 4 mv , that for E malts is 79 7 mv , the sea 
water being positix e to the sap m both 



1S6 


I'KorOI'I ASMK I'fjriMJAlS IN I(\IUS‘II'. II 


'Die ln;,'lur potinti.il of // i;/;^ is .ipp tn iilh ^Itit to ihi furJur 

tonctntr.if ion of K( 1 (0 i M) in it*' x.uiiolir * ip \\ lim tfi* K( 1 
content of // ‘'.ip (norm.ilK 0 (Jl nor It )r » x(j' nni' ntTlI' 

raised to 0 ^ M, the potditial rises t«i \ahii . about ifju-l to tho • m 
J1 Oidlt^ 

'J'lie (.\ternal appln.ition of solutions hipli in jiot i ,urn l< rniyir.'rJy 
lowers the pole'iitial of I)olli, prol)al)l\ In tin hij'h inohilite ot f. ‘ km 
]}iit a liirge* potential is soon rti'aiiud, rtpn entmi' tli> (liir-iterrtK 
jioiential of the jirotojilasm 'J his is about .’0 me lov < r th >n in “ ' 
w.itcr 

rht aceiinnil.ition of Iv( 1 in tin s ip of // o. ./n i appirtutle not 
due* to the Inither niobilit} of k ' ion in its protopi < m.siiui tin tin- 
tncal effects of pot.issunn are firattiealle identic d in // (>sl*rlo t! , 
where kCl is not aceuinul.itid 



THE KINETICS OE PENETRATION 

IV DiFFtrSION AGAINST A GhOIVING PoTENTIAl, GRADIENT IN 
Models 

Bv TV I V OSTERHOUT 

{From the Laboralenes of The Rockefeller Institute for Mtdical Research) 
(Accepted for pubbcation, May 18 1932) 

Cells of Ntiella in tap water show an outwardly directed E ii r 
of from SO to 300 milhvolts Previous expenments' suggest that this 
IS largely due to potassium ions whose entrance mto the vacuole pro 
duces an outwardly directed emf This tends to oppose their 
further penetration but they nevertheless contmue to enter 

Something of this sort seems to happen m certam models recently 
described > An example is seen in an experiment m which 0 05 u 
KOH IS shaken with a small excess of a mixture of 70 per cent guaia 
col and 30 per cent p cresol (which may be called G C mixture) which 
converts most of the KOH to organic salts of potassium For 
convenience these orgamc potassium salts may all be regarded as 
K guaiacolate and called KG ’ 

The resultmg solution is allowed to flow m a steady stream over a 
layer of G C mixture We may then say that the KG passes from the 
outer solution (A) through the non aqueous layer of G C mixture 
(B) and penetrates into the inner solution (C), which at the start 
consisted of distilled water m which CO was bubbling The latter 
may be regarded as analogous to the sap of NitcUa and designated 
as “artificial sap ” B will then correspond to the non aqueous proto 
plasmic layer and A to the external solution bathing the Ntiella cell 

' Osterhout, TV J V J Gen Physiol 1929-30 13 , 715 Electncal phenomena 
m the hving cell in Harvey Lectures, 1929-30 Baltimore, The TVilliams and 
TVilkins Co 1931 Biol Rev 1931 6, 369 

^Osterbout TV J V and Staiile> , TV M J Cell Physiol 1931-32 16 , 667 

^ This invoU es no senous error as the K p cresolate seems to behave like the 
K guaiacolate 
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On reaching (, KG reads to form kIK Oj v.)n(1i rni\ aertirnu* 
laic until its (omcntration riaelus ()6^ m Htnif tin o-.niotir 
prcs-:;urc in C htronKs nnuh greater than in ( 'lh< enirj'v rt* 
qvnrtd to prociuci this result tonus from the re u lion of fvf/ v.ith 
CO; In jiart this ciurgj, finds expression in the form e)f i 'm’s 
I n order to mca'^urc the i m i 's prodiiettl in the modtl tin appira- 
tus shown in Fig 1 was emploeed With this arr.'iigt mi nt wt max 
sujipose that a thin laxer of II, which we max call i fjnrlnp, onlj a 
few molecules thick) will come at emce into t quihhnum v ith III and 
will in consequence haxc a dilTerenl composuion from tlie rest of II 
(whicli may he called 1) 


SB 



Fig 1 Aqueous solutions arc placed m I and III and a non aqueous liquid in 
II Ihc salt bridges, S B (consisting of glass tubes filled with agar made up m 
saturated KCl solution) were placed at the sides in order that KCl sinking tlown- 
xvard might not contaminate the interfaces 


Presumably xve hax'c the tlirec potentials shown below, namely, 


Aqueous (I) 


Non aqueous (11) 


AqiiLOUs (in) 


I ' lo 


Px P, Pi 


the phase boundary potentials Pi and Pg, and the diffusion potential 
Po in the non-aqueous layer 

Unless otherwise stated the procedure xvas as follows The aqueous solution in 
I (Fig 1) and the non-aqueous solution in II were shaken together and left in 



1\ J V OSTERHOUT 


159 


contact for 24 hours or more before they were placed m the apparatus The 
aqueous solution m HI was shaken with a small excess of the non aqueous solution 
in II, placed m a separatory fuimel and freed from the non aqueous portion which 
was discarded. Hence when the solutions were placed in the apparatus there 
was presumabl> no exchange of ions between I and H, but ions moved from IH 
mto II and set up a diffusion potential* in H If there be any diffusion potential 
in III due to exit of ions from H it must be small 

To imitate electncal conditions in the model near the start* of the 
experiment aqueous solution from A (consisting of 0 05 M KG) is 
placed in I Non aqueous solution from B (consisting of G C mix 
ture contaimng KG) is placed m II In III we might place distilled 
water, but as this gives irregular results we prefer to use 0 001 it 
KHCOj (which would represent the condition of C m Model m* a 
short time after starting the experiment) 

This gives a potential of 45 millivolts,* I being negative to HI in 
the external circuit (hence A is negative to C in the model) On bub 
bling COs in III (without disturbing the mterface unduly) KG in II 
begins to combine with COj at the interface to form KHCOj (which 
15 much more soluble m III than in 11) Hence the concentration of 
KHCOj in in increases and that of H+ decreases 

This IS illustrated by an experiment m which solution from d m a 
model which had been runmng for some time was placed m I (this 
consisted* of 0 03 m KG + 0 02 M KHCOs) Solution from B was 
placed in H and 0 0001 m KHCOj in HI At the start the p d was 
33 milhvolts (I being negative to III m the external circuit) this 
gradually rose to 35 millivolts Then COj was bubbled m UI and in 
the course of 70 minutes (shown m Fig 2) III became negative to I in 
the external circuit so that positive current tended to flow from HI 
through II mto I Stimng* II facilitated this change by bnnging 
more KG to the interface between H and III In an experiment m 
which II was stirred occasionally, III became 24 milhvolts negative 
to I (m the external circuit) in the course of 55 mmutes (When IH 

* As a rule the diffusion potentials appear to be much greater m G C mixture 
than in water 

* 7 r before much KHCOj entered A 

* Average of 43 48, 35 and 54 

* This w as done in a U tube having an upnght tube in the center through which 
a stirrer was inserted in H 
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in the model C is negative to A) Enough KCP was then added 
to I to make the concentration of potassium equal to that m HI and 
the reading became practically zero*® despite the fact that I was 
more alkaline than HI (this will be discussed later) 

The measurements were made by means of a Compton electrometer (Cara 
bndge Instrument Co ) the use of which was kindly loaned by Dr Irwin The 
shieldmg and grounding were so carefull\ earned out that steady readings could 
be made even with extremelj high resistances m the circuit- 

XJnless the measurements became fairly steady after the first 2 nunutes the 
experiment was rejected ( a drift of more than 10 per cent between the 2nd and 
10th minute not being acceptable) 

It IS of mterest to know whether the negativity of C is due to m 
crease of K.+ or to decrease of H+ At the start the activit) of H+ 
m C was between 10“® and 10“® but at the steady state it was 10“^ ® 
hence there is about a hundredfold decrease which might account for 
the change in potential of (45 -f 48 =) 93 milbvolts were it not for the 
fact that the activity of K+ m the meantime increased from zero to 
(0 63) (0 63)" ^0 40 

In the presence of so much K,+ it would seem that these variations 
in H+ do not cause much change of potential as was indicated by the 
fact that when the concentration of potassium in I and HI was equal 
ized (as just described) the p d was practically zero despite the 
difference m pH value 

In order to test this further a solution of 0 6 M KCl was placed in 
I and in III in II was placed G C mixture shaken with 0 6 KCl 
As expected this gave zero Enough HCl was now added to HI to 
make the difference of pH value on the two sides more than 2 pH 
umts, t c , greater than in the model (in the model the pH value* of 

IS 9 1 and that of C is 7 5, a difference of 1 6) The reading was still 
zero or so near it as to be withm the hmits of experimental error 

® KCl has about the same effect on potcnUal as KHCO3 
Repeated four times 

" The activity coeffiaent 0 63 is obtained bj interpolation from the data of 
Hamed (Hamed H S,/ Am Chem Soc 1929 61, 416) on the assumption that 
It IS the same as m a solution of 0 63 M KCl and that the activities of K'*' and Cl” 
in such a solution are equal 

^ The pH values ^\here determmed colonmetncally as described in a former 
paper * 

** Repeated three times 
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of the protoplasm is in contact with tap water (The higher concen- 
tration of K.C1 inside the cell would be due to the energy of me- 
tabohsm ) 

It IS of interest to note that if we regard the p n as due to diffusion 
potential w e may say that m the model, as well as in Valoma, the mo 
bdity of the cations appears to be greater than that of the corresponding 
anions 


SUMMARY 

In a model consisting of a non aqueous layer (representing the proto 
plasm) placed between an mner, more acid, aqueous layer (repre 
sentmg the sap) and an outer, more alkaline, aqueous solution (repre 
sentmg the external solution bathing a hving cell) the penetration of 
potassium creates an outwardly directed potential against which 
potassium continues to diffuse inward, thereby increasing the outward 
potential This continues until the steady state is reached The 
potassium sets up less potential m entering than in escapmg and 
the net result is an outwardly directed potential A similar process 
appears to take place m certain living cells 




ON THE MEASURE OF EXCITABILITY 

By H A BLAIR 

{From the Department of Physiology Western Reserve University Medical School, 
Cleicland) 

(Accepted for publication, Jii]> 7, 1932) 

It was shown by Davis (1923) that the value of chronaxie depends 
on the nature of the stimulating electrodes Rushton (1930, 1931) 


CORRECTION 

Vol 16, No 1, September 20, 1932 

On page 139 Fig 3, and page 140 Fig 4 the left band ordinate should 


A time -=» 30 min 

The attached slip may be cut m half on the vertical line, and the cor 
rected ordinates should be pasted over the present mcorrect ones 

^ A9 V ' 

A time = 30 r 


current and Lapicque s electrodes do not conform, even approximately, 
to Lapicque s equation He therefore concludes that no use can be 
made of Lapicque’s equation as a criterion 
The purpose of the present paper is to show that Rushton’s data 
in common with that of Lapicque and others do conform to a particular 
equation but that the use of this fact probably lies m the establishing 
of expenmental rather than theoretical criteria 
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are suitable For reasons previously given (1932, o) it is necessary to 
expect linearity only with voltages not very near the rheobase 

It will be seen from the table that the data conform to the equation 
as well as can be expected and that there are no systematic divergences 
Again as with Lapicque’s data (Blair, 1932, d) and as with those con- 
sidered by HiU (1910) and Lucas (1910) the threshold depends on the 
voltage m most cases as C has appreciable magmtude except in set 4 
in the second part of which it becomes zero Sets 3 and 4 were taken 
near 0°C The fact that C is small m these cases compared to sets 1 
and 2 which were taken at room temperature may be significant 
although its magmtude appeared previously (1932, a) to be a function 
of electrodes as well 

In this regard it appeared desirable to mvestigate the data of Jm 
naka and Azuma (1923) which were obtamed with the pore electrodes 
of Pratt (1917) They claimed that their data disagreed with Hill’s 
equation and they do Exaimnation of their papers led to the con- 
clusion, however, that the method they used to calculate their currents 
was wrong and unfortunately sufficient data were not given to make a 
recalculation possible It is assumed therefore that their results have 
no significance in their present form 

It was previously shown (1932, a) and can be readily seen from equa- 
tion (4) that chronaxie is given by, 

r = - (log 2 ± C) 

and IS therefore a functio^)8f C as well as of k The question arises as 
to what extent the different chronaxies on the same tissue ohtamed 
by different methods are conditioned by changes m k and to what 
extent by changes in C The importance of this is obvious since 
chronaxie can only have meanmg as a function of vanables which are, 
in turn, functions of those properties of the tissue which govern the 
rate of excitation k itself is of course a direct measure of excitabihty 
accordmg to the conception of Keith Lucas (1910) in the sense that it 
measures the rate of decay of the excitatory process The quantity 
log 8 derived from Hill’s formula and used by Keith Lucas is in fact 
numerically equal to k but opposite m sign There are practical ad 
vantages, however, in the use of chronaxie if the expenmen ta((condi 
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tions can be controlled as it requires only one measurement m addition 
to the rheobase wbde the e\ aluation of k requires at least two The 
situation is not promismg, however, as can be seen from the following 
examples The largest C with Rushton’s data is 0 0171 In this 
case chronaxie is proportional to log 2 — C, r c , to 0 284 while it should 
be proportional to log 2 = 0 301 This is not a great divergence but 
of the data given m Lapicque’s book which were previously considered 
(1932, a) C was frequently about 0 06 which would make chronaxie 
proportional to 0 24 In one case C was 0 128 making it proportional 
to 0 173 while m Lapicque’s later work (1931) the C’s were sometimes 
even greater than 0 15 which would make chronaxie at least 100 per 
cent m error as a measure of excitability on a common basis Since 
C can be either positive or negative as was previously shown (1932, a) 
it is quite evident that chronaxies varymg by more than 100 per cent 
may be obtained on the same tissue m the same state of exatabihty 
by virtue of variations of C with different conditions 

Whether or not the variations of chronaxie with interelectrode 
distances are due to variations of C or A or both cannot be deaded 
with available data Nor does the extensive work of Rushton (1927) 
on the variation of threshold with the separation of the electrodes 
throw any light on the matter The expenmental problem is to ob 
tam time intensity curves as functions of the interelectrode distances, 
and of the types of electrodes 

Further, this problem is of great importance in that it will show the 
dependence, if any, of k oh the positions of the electrodes for it appears 
quite improbable that the' ^ole burden of the variations of chronaxie 
with the method of its derivation can be laid upon C alone It was 
shown in discussing Lapicque’s recent work that values of k varymg 
from units to hundreds were obtainable on the same tissue There 
seem to be but two possible explanations the classical one on the 
basis of the tissue having different excitabilities and one on the basis 
of k bemg a function of the mode of stimulation as well as of the prop- 
erties of the tissue In the latter event it would appear quite hope 
less to expect ever to measure the excitability proper for even though 
a method could be found to give consistent results there would he no 
way of determining from the tune mtensity curves themselves i^hcther 
a real or pseudoexcitability was being measured The only featiire of 
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vement picture of comparative excitabilities for, if any sets of curves 
from different tissues were appropriately shifted so as to pass through 
the origin, the ordmates for any particular value of the time would be 
proportional to the respective k’s of the correspondmg tissues 
Putting V = nR where n is a number, t e expressing mtensity m 
rheobases instead of volts or amperes, equation (4) becomes, 

log — ^ = it 
n — 1 


Differentiating, 

— = n (I — n) t (5) 

at 

In particular when n = 2, t c when / = chronaxie, k is numerically 
equal to i the tangent to the tune intensity curve No practical 
use of these relations is probable but they show that the shape of the 
time mtensity curve on a scale of rheobases is a function of k alone 
In other words, equation (S) is a formal proof that k and k only is a 
factor which expresses the vanations of excitabilities as measured by 
the time intensity relations 

The extent to which the other constants K and a may be evaluated 
requires consideration in regard to experimental investigations of C 
Takmg the case when C is positive m (4), i c when log K/(K ± k 
a) IS negative m (3), t e when C = log (K + ka)/K it is evident that 
from experimental data are derivable the relations, 

-■ ° — C where log C = C 

A 

This gives on division by A 



so that since k may be determined separately the ratio a A is obtain 
able From the rheobase conditions KR = kh ± aR and the ratio 
a A the ratio h K can be calculated and these ratios can be oCudied 
as functions of experimental conditions ’ 
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siderations the chronaxie condition (Equation 6) requires the identity 
of the constants C which is unnecessary when use is being made of k 
If, however, the constancy of C can he attained experimentally the 
argument leadmg to equation (6) shows that the use of chronaxie as a 
measure of excitability will give just as consistent a scale as k if the 
relative ease of its determmation makes it preferable for ordinary use 

It may clarify the problem to discuss the conditions with reference 
to equation (4) Accordmg to equation (4) all time intensity curves 
can be put in the form, 

log — ^ = J- + c (7) 

where n is the voltage in rheobases and T the time m units of \/k, t c 
m the natural tissue units, and C is as usual The meaning of this is 
that all time mtensity curves will be congruent on these scales except 
for the variable displacement C In particular if log n/{n — l) is 
plotted against T the basic curve is a straight line through the origin 
whose slope is unity and the plot of any tune intensity data on the 
same scale will be parallel to this and at a distance C from it 

Lapicque’s condition which is obejed only when C m equation (7) 
IS the same for all tissues requires in general that, 

/(n) = T 

where T is measured in chronaxies If such a function is ever dis- 
covered aU time mtensity curves on these scales will be congruent 
without displacements ' 

The situation may be summed up as follows chronaxie is no longer 
valid as a measure of excitability from the point of view of equation 
(4) since it is a function of the quantitj C which depends on experi- 
mental conditions as well as on the time constant k The existing data 
neither provide a means of determinmg the factors involved m the 
vanations of C nor indicate how successfully they can be controlled so 
that the solution of the problem reqmres a thorough experimental m- 
vestigation of the time intensity relations The data so obtained will 
also be useful m determining whether k itself is a function of the ex 
penmental method as well as of the properties of the tissue If it is a 
function of the method the onlj hope of obtaining a quantitati^ scale 
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of exatabilities is m the determination of standard limiting e\pen- 
mental conditions apphcable to all tissues The cntena for these 
conditions •null for the present probabh' ha\ c to depend on the deter- 
mination of situations ■nhere the expenmental ^arlables no longer 
change or change only ver}' slo\%ly with alterations of the conditions 
Eventually the}- should enable consistent correlations to be established 
between difierent phenomena included under the concept of excitabil- 
it}' in order to inspire confidence m their \alidity Any conclusions 
drawn from chronaxie measurements, except perhaps those obtained 
by the same method, must be looked up>on v\nth considerable suspicion 
at present for whether or not equation (4) is the true time-intensity 
relation it shows that a neglect of the possible effect of boundar}* 
conditions is dangerous when dramng conclusions from the time- 
mtensity curx'e about the properties of the tissue from which it is 
obtamed W*hether or not equation (4) is the true representation it 
can be used equally well as a basis for research for since it fits the 
existmg data withm the experimental error for all ^ alues of durations 
and voltages its constants must be simply related to those of the true 
representations except in the unlikely event that the existing data are 
not representative 

SUMiLVRV 

Recent time-mtensit}* data by Rushton (1932) on the sciatic nerve 
of the frog are shown to proMde additional support to the wTiters 
suggestion (1932, a) that mtegrals of the equation 


dp 

i = KV->P 


where V is the apphed ^ oltage, p is the local excitator}* process and 
K and k are constants adequately represent the just effective direct 
current stimuh when the threshold \ alue of p is made a hnear function 
of the voltage of the form h — a 1’ where h and a are constants 
The measurement of excitabditv* is discussed and it is shown that 
the cntena for “true” measurements are not likely to be found bj* the 
agreement of the data with canomcal tune-mtensity functions as 
suege3t<»d b}' Lapicque (1931) but rather m the estabhshmg of standard 
experimental conditions These conditions may pemnt the use of 



H A BLAIR 


175 


chronaxie as a measure of excitability, but it seems more likely that 
the constant k of the above equation mil have to he adopted There 
IS sufficient evidence to cast considerable doubt on the validity of 
any conclusions drawn from the existmg measurements of chronaxie 
although those derived through a particular technique may be valid 
The problem requires a thorough experimental mvestigation m terms 
of integrals of the above equation 
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ON THE EXCITATION OF TISSUE BY MEANS OF 
CONDENSER DISCHARGES 


Bv H. A BLAIR 

{From the Department of Physiology, Western Resenc Vnnersity Medical 
School Cleveland) 


(Accepted for publication August 29, 1932) 


In a previous discussion (1932, b) the method of obtaining a general 
equation for condenser discharge stimuli was given, but the possible 
dependence of the threshold on the apphed voltage was neglected 
There is so much use made of the condenser in stunulatmg that it 
appears desirable to consider the general equations more fully, smce 
they may be given comparatively simple forms even when the thres- 
hold IS made a linear function of the voltage 
Using the same notation as before (1932, b), the differential equa 
tion of the local evatatory process p with respect to tune is given by, 


dt 



( 1 ) 


where q is the imtial charge of the condenser, c its capaaty, r the re- 
sistance of the circuit, and K and k are constants The data on direct 
currents (1932, a, c) mdicate that the upper limit of integration, t e 
the limmal threshold value of p, should be a function of the voltage of 
the form h rk. a V where V is the voltage at the time when the local 
excitatory process becomes adequate and h and a are constants 
This condition may be mtroduced 
An mtegral of (1) is given by 



but p must be a maximum when the response occurs if the stimulus is 
just adequate Therefore from (1), since ^ = 0 for a maximum. 


ip 





er 


e 


(3) 
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Equating these values of p from (2) and (3), 

/ = - log crk, (4) 

crk — 1 

where / is the duree uhle of the discharge 
Putting the threshold p = It dz a V m {2), this equation becomes on 
substitutmg for I from (4) 

( 1 crk 1 

h dz aV = ~ 


where V is the value of the apphed potential at the time the local 
excitatory process has just become adequate This potential, how- 
ever, using the equation of the discharge of the condenser is given by 


/ 


1 


cr 1 — crk 

r = ? = ^ {crk) , 
c c c 


when t is again obtained from (4) Equation (5) may therefore be 
wntten 

1 / 1 crk N 

k ± {crk) = — ^ J ^(cr/;) — {crk) f (6) 

crk 1 

But Since crk {crk) !•<'•* = (crk) equation (6) becomes on making 
this substitution, 

crk 

1 crk , 

h = q(,r {crk) {X ± I: a} (7) 


It may sometimes be legitimate to adopt the device of considenng 
crk > > 1 when the greatest capacity is being used, t e ,in finding the 
condenser rheobase condition In this case (7) may be wntten, 

kh = {K dz k a} = Rc {K dz k a} (8) 

where Rc is the rheobase voltage of the condenser 

Substituting the value oi K dz k a from (8) into (7) and dividing 
by Ii, - 
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i2« = q^rk (crfc) 


cri 

l-cti 


F(frjfe) 


(9) 


where V is the initial voltage - of the condenser m any particular case 
c 

Equation (9) should be quite general for condenser discharge stimuh, 
providing new phenomena, not previously encountered with direct 
current stunuh, do not exist, and providing also that sufficiently large 
resistance and capaaty have been used to ensure the vahdity of the 
assumption that crk greatly exceeds unity 
It will be much better m general to detenmne the direct current 
rheobase and to use the relation (1932, a, page 717), 

kh- R{K:kka\ ( 10 ) 


where R is the direct current rheobase and the other letters have the 
same meanings as before It will probably be essential m determimng 
this rheobase to maintam the same experimental conditions as are 
used with the condenser stimuh so that the constants will be apph 
cable 

Substituting again m (7) lorX ± M a tram (10), 



( 11 ) 


which IS the same as (9) except for the rheobase term, R 
This equation should relate the direct current rheobase with the 
capaaty, voltage, and resistance of the condenser stimulator when it 
IS yieldmg just adequate stimuh It may be written. 


logI^=- 
^ R 1 


1 , 1 


(12) 


or, 

cr log ^ i |log ^ + log tT| + (13) 

so that the left hand member is a Imear function of the right and the 
line obtained b> plotting these demations from the data should, if 
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the relation is exactly obeyed, have a slope numerically equal to \/k 
and should intercept the axis of the bracketed member at the point — 
log k If the relation is not exactly obeyed on account of expenmental 
variations, the divergence from linearity may be great at certain stages 
for small vanations and also the mean linear relation obtained by draw- 
ing a hne most nearly through the points is not necessanly the best 
approximation The method of equation (13), however, can be used 
fairly easily when the measurements are nearly exact 

It IS probably seldom safe to use two equations of type (12) and to 
subtract them to eliminate log k This method was previously used 
(1932, 6, Table I) with dwee iiHle data In doing this it has to be 
assumed that the k of log k and the other k are exactly equal, othenvise 
log k IS an arbitrary constant which has to be adjusted by trial until 
the two values of k are equal This was not noticed when denving 
the table referred to above, so that only those expenmental durces 
utiles which were not used m calculating can be compared ivith the 
theoretical values 

It will be shown later that k can be found very easily when the proper 
data are available, but for the present it will be necessary to use the 
method of equation (13), which is very tedious 

A matter of the greatest theoretical importance is the determination 
of whether the factor k for the condenser discharge, i e koi equation 
(12), IS the same as the factor k for direct current stimulation of the 
same tissue at the same time The use of the direct current rheobase 
m equation (12) implies, of course, the equality of these constants, but 
it IS desirable that it should also be shown directly Lapicque (1907) 
obtained a set of data on the sciatic-gastrocnemius preparation of the 
frog suitable for testing this relation These data will now be 
considered 

Part {a) of Table I gives the result of stimulating with direct cur- 
rents The two observed voltages marked with asterisks were used to 
detenmne the constants k and C of the direct current equation (1932, a), 

log — ^ = ki + c (14) 

where V is the least voltage required to excite when applied for time 
t, and R is the rheobase These data conform to equation (14) quite 
well, as can be seen from the table of calculated voltages 
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Part (6) of Table I gives the data for stimulation of the same 
preparation by means of condenser discharges The numbers Va,, 
are the least voltages required to exate when the capaaties c of the 
condenser and the resistance r of the circmt, the latter being assumed 
to be constant, are such that their products give the numbers cr R 
is the direct current rheobase taken from part (o) of the table 
If now equation (14) correctly represents direct current stimulation 
and equation (12) condenser discharge stimulation, the quantity k = 
2428, taken from part (a) of Table I, when substituted m the nght 

TABLE I 


(a) Birtct cuntQt- ft — 10S4 $ o 2478 t lo base e 


t sec 

0 00063 

0 00093 



V obs 

•0 170 

0 130 

•0 109 


Veal 

0 170 

0 1284 

0 109 

0 1045 


(J) CoQd«ti5er discharges f 70 000 ft » 2425 1 


cr 

0 070 

0 007 

0 0035 

0 0014 

0 0007 

Vobs 

0 100 

0 123 

0 140 

0 185 

0 255 

Veal 

0 1077 

0 1247 

0 1391 

0 1739 

0 223 

J*! obs 

0 1045 





RoA 

0 103 

0 103 

0 105 

0 111 

0 119 

V/R obs 

1 014 

I 177 

1 340 

1 770 

2 440 

V/R cal 

1 031 

1 1 194 

1 331 

1 665 i 

2 134 

Ditrie obs 

0 00181 

0 00154 

0 00135 

0 00093 

0 00063 

Durie cal 

0 00210 

0 00135 

0 00099 

0 00071 

0 00053 


Units — volts ohms farads seconds 

* These two observed voltages were used to determme the constants k and C 
of the direct current equation (1932 a) 


hand member of equation (12) should give the left hand as obtamed 
from the measured \ alues of V and R,te, the observed values of V/R 
should equal the values obtained from solving the right hand of (12) 
The columns V/Ra, and V/Ra,i respectively give this companson 
It will be seen that the agreement is not bad 

Using equation (12) again and assummg the measured voltage, cr, 
and the k from part (a) of the table to be correct, the rheobase may be 
calculated givmg the numbers Ra,i It will be seen that these tend 
systematically to become too large for the greatest voltages but the 
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mean is not far from the measured value Considenng that Lapicque 
expressed the fear that he had been unable to avoid appreciable self- 
induction m the condenser circuit, and considering the possible vana- 
tions of the excitability k and of the resistance of the circuit dunng the 
experiment, these agreements can be taken as indicating the validity 
of both equations (12) and (14) 

Combining equations (4) and (12) it will be seen that the dnrce 
uUle IS given by, 


V V 

/ = cr log — = 2 303 cr login — (IS) 

R R 

In the table are given the observed values and the values obtained 
using V/Rcai The calculated durces tittles depend therefore on the 
measurement cr and the direct current k The agreements are not 
very good, but as was previously indicated (1932, b, Fig 1) the duree 
tiUle is subject to large errors in measurement because the curve of the 
response process p is relatively flat near its maximum In making 
these determinations the measured minimal stimulus will be, m general 
somewhat more than adequate, so that the local excitatory process 
will usually attain its threshold value somewhat sooner than it tends 
to reach its maximum For this reason the measured dnrce tihle will 
probably be smaller in most cases than the theoretical value In the 
present case. Table I, the measured values are usually larger than the 
theoretical but this may be due to other causes 
The direct current rheobase has seldom been determined in conjunc- 
tion with complete condenser discharge curves Two cases on nerve- 
muscle preparations of Heltx have been given by L and M Lapicque 
(Lapicque, 1926) Part of these same data concerning the dtirees 
tittles was previously considered (1932, b) but the method was faulty 
as was previously remarked These data are given m Table II In 
these cases k had to be determined from the data themselves The 
method used was that suggested by equation (13), t e , cr log V/R 
was plotted against log V/R + log cr The result m the case of the 
first set IS given m Fig 1 If the data conform to equation (13) it 
should be possible to draw very nearly through these points a line 
whose slope equals the loganthm of its intercept on the honzontal 
axis The straight line drawn m the figure has a slope 1/k = 1/34 25 
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and its intercept = — 1 5347 = log 1/34 25 It wiU be seen that the 
points conform to this line fairly well In general the upper points 
on such a graph, particularly when V is close to i?, are very sensitive 
to changes of F or iJ so that they may frequently diverge greatly from 
the hnear relation If this divergence is assumed to be due to an 
error m the rheobase a means is provided for estimating the proper 
value of the rheobase, for, since the lower points are not much changed 



Fic 1 


by small changes of the rheobase the line detennmed by them is ap 
provunately correct and the proper rheobase can be assumed to be 
that one which brings the upper points close to this hne This method 
IS particularly useful when the rheobase has not been measured at all 
For the first experiment in Table II, log V/R obs is denved from 
the measured values of V and R The quantity log V/R cal is equal 
to l/(l-crk) log l/crk calculated from cr and i The numbers R cal 
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result from assuming the theoretical value of V /R and the measured V 
to be correct Similarly V cal is obtained assuming the theoretical 
V /R and the measured R to be correct The durecs ulilcs are calcu- 
lated from the relation 

. V 
t = cr log - 

where V/R is the calculated value 
In the second evpenment of Table II the measured value of R ap- 
peared from a plot hke Fig 1 to be too small A someivhat larger 

T4BLE u 


Belli, Dene muscle (Lapicque 1926, p 122) r = 56 500 i = 34 25 


cr 

0 059 

0 0395 

0 0225 

0 014 


Fobs 

4 0 

5 1 

6 7 

8 2 


Fcal 

3 98 

4 72 

6 23 

8 2 

15 43 

R obs 

2 0 





Log V/R obs 

0 3010 

0 4065 

0 5250 

0 6128 

0 8451 

Log V/R cal 

0 2996 

0 3730 

0 4943 

0 6127 

0 8876 

R cal 

2 006 

2 16 

2 15 

2 001 

1 814 

Diirie obs 

0 042 

0 026 

0 016 

0 012 

0 0065 

Dur(e cal 

0 041 

0 037 

0 027 

0 020 

0 011 

HWix, nen e muscle (Lapicque 1926 p 121) r 

= 50 000 approiimateb k == S9 6 

cr 

1 

0 050 

0 025 

0 015 

0 005 

V obs 


6 8 

9 0 

11 5 

IS 0 

Fcal 


6 44 

9 03 

10 69 

20 8 

R obs 


3 4 assumed for calculation 3 7 


R cal 


3 9 

3 4 

4 0 

3 2 

Durie obs 


0 038 

0 013 

0 009 

0 0043 

Dune cal 


0 028 

0 022 

0 017 

0 0075 

Duric cal 


0 035 

0 024 

0 018 

0 0083 


Units — volts, ohms, farads, seconds 


value 3 7 instead of 3 4 was therefore assumed It is close to the mean 
of R cal The lower values of the durees nhles were obtained from the 
observed values of V and R while the upper were obtained from the 
calculated 

It wdl be seen, considenng the difficulties of determimng the best 
value of k, that these data agree with the theory as well as is generally 
expected in this t)T3e of work 
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TABLE m 


tClmet, 1904 p 210) frogssoatic. 

k « 1567 

- 660000 


cr 

1 obs 

real 

R cal 


robs. 

real 

1 a cal 

0 66 

0 32 

0 312 

0 31 


0 09 

0 095 

m 

0 066 

0 32 

0 324 



0 18 



0 0066 

0 40 

0 398 


0 000375 

0 36 



0 00066 

1 00 

0 829 


0 00015 

mmPm 



0 000066 

3 80 

3 90 


0 00006 

1 44 

' 1 458 


(Luc&s 1906 Exp 1 p 378), frog sartonui 
r = 13 200 o 385 

(Cybulski and Zaaietowskl 1894, Exp 1 p 81) 
frogs soaUc r - 25 200 1 > 2850 

«r 

robs 

\ Ctl 

R cal 

cr 

Vobs. 

1 caL 

JicaL 

0 033 

0 448 

0 520 

0 419 

0 0126 


0 099 


0 0133 

0 672 

0 622 



0 125 

0 125 


0 00726 

0 896 

0 744 



0 195 



0 00307 

1 12 

1 05 



0 274 

0 292 


0 000792 

2 24 

2 32 



0 468 

0 445 


0 000294 

4 48 

4 94 



10 

2 60 


0 000198 

6 72 

6 79 






0 000145 

8 96 

8 80 






0 000106 

11 20 

11 80 






(IVeia 1901 

p 431) frog's sciatjc r 
i»1247 

« S02000 

(Hermann 1906 Exp 13 
f = 125 650 

p 546), frog's tibiabs 

M B 15h 

er 

robs 

VeaL 

R cal 

cr 

V obs 

1 cal 

R cal 

0 1604 

0 68 

0 67 

0 655 

0 1257 

0 3087 

0 3020 

0 2932 

0 01604 

0 93 

0 77 


0 0628 

0 3087 

0 3077 


0 00802 

0 98 

0 85 


0 0251 

0 3087 

0 323 


0 00401 

1 10 

0 98 


0 0126 

0 3368 

0 343 


0 001604 

1 31 

1 31 


0 00628 

0 3740 

0 381 


0 000802 

1 79 

1 79 


0 00251 

0 4615 

0 469 


0 000561 

2 08 

2 18 


0 00126 

0 6231 

0 595 


0 00040 

2 51 

2 67 


0 000628 

0 8287 

0 824 


0 000321 

2 99 

3 05 


0 000251 

1 4286 

1 380 


0 000241 

3 94 

3 72 


0 000126 

2 2222 

2 243 



Units — volts ohms, farads seconds 


In Table HI are given sets of data by vanous workers which can 
probably be taken as representative In none of these cases was a 
rheobase measured so that a value had to be deterimned This is 
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equivalent to assuming two arbitrary constants in equations (11) or 
(12) except that the one, R, must have a likely value, t c ,it must in 
general be just somewhat less than the least value of V The rheobase 
R cal was usually obtained by assurmng a probable value and testing 
on a plot hke Fig 1 If the ordmates of the pomts for voltages near 
the rheobase are too low for a hnear relation they indicate that the 
chosen rheobase is too large and vice versa The remaining calcula- 
tions were then made in the same way as those for Table II 
In all these cases it will be seen that the agreement betv een the ob- 
serx’^ed and calculated voltages is fairly close, except for the greatest 
voltage of Cybulski and Zanietowski This case, in which the voltage 
IS about one himdred times the rheobase, may indicate that equation 
(12) IS not vahd for very high voltages but it cannot be given much 
significance smce the other data do not show the same tendency and 
smce a small change of capaaty involves a large change in voltage at 
this part of the V—cr curve In general with these data such diver- 
gences as exist are not systematic The agreement of the data and the 
theor}^ IS not as good as with direct current data in general, but neither 
are the experimental factors so easily controlled In particular the 
condenser may cause trouble either on account of the nature of the 
dielectnc or on accoimt of leakage Also the data mclude the three 
measurements V, c, and r each of which may be somewhat m error, 
and finall}’’ the resistance used may not be sufficiently non-inductive 
This latter circumstance would aSect equation (12) not only through 
a distortion of the curv^e of the growth of the local exatatory process 
but also because the theoretical equation of the discharge of the con- 
denser will no longer give the voltage existmg at the time of the re- 
sponse Inductance with direct current stimuh on the other hand will 
not affect the latter factor 


The Detenmiiatwn of k 


Putting equations (11) or (12) m the form, 

1 


y 

R 


~ icrJO 


crk — 1 


( 16 ) 


it wfil be seen that when crk = 2, F = 2R This relation which 
was prexiously deduced (1932, b) is still true here when the threshold 
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IS made a function of the voltage If then data are obtained giving 
the direct current rheobase and the value of cr for twice the rheobase, 
k may be obtamed directly from the relation, 



cr 


This method might have been used in the first set of data m Table II 
In this case when V obs = 4 = 2ii obs , cr = 0 059 k should therefore 
be equal to 2/0 059 = 33 9 The value obtamed graphically, 34 25 
IS approximately the same 

It may also be possible when sufficiently large capacities are available 
to use the condenser rheobase m the same way m many cases An 
example is given in Table TV with data by Waller on the ulnar nerve 
of man k m this case was determmed by assurmng 10 the least value 

TABLE rv 


(Waller 1900 Esp 7 p 21S) ul arnerveofmu r > 12 DOO I 1190 


cr 

0 0096 

0 00168 

0 00066 

0 00042 

0 00030 

0 000216 

0 000180 

Kobs 

10 

20 

JO 

40 

SO 

60 

70 

Veal 

R 

10 1 

10 0 

20 0 

30 8 

40 0 

49 4 

62 2 

70 6 


Units — volts, ohms, farads 


of V obs to be the rheobase When V obs = 20, cr = 0 00168 
Therefore k = 2/0 00168 = 1190 It will be seen that the use of this 
value of k gives V cal very close to the measured values, the largest 
divergence being less than 4 per cent In general, how ever, it wall be 
necessary to use the direct current rheobase, but the determination of 
k in this way is still comparatively easy 

General Constdcralrons 

The data discussed here, although not suffiaently general to be en 
tirely conclusive, particularly in regard to the relation of the direct 
current equation to the condenser equation, mdicate strongly the 
validity of the hypotheses used in the derivation of equation (12) or 
(16) The data on durdes ultlcs do not agree very well ivith the theo 
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retical values, but since the theoretical value of the durce uHlc is im- 
plied m equation (12) which fits the data sufficiently well, it seems 
hkely that the disagreement is due to the difficulty of measurement 
rather than to an erroneous conception 
In regard to the measurement of excitability by means of condenser 
discharges it will be seen that apart from considerations previously 
discussed (1932, c) involving the possible dependence of the apparent 
excitability on the method of measuring it, either chronaxie or k will 
give a comparable scale For since chronaxie is taken directly pro- 
portional to cr when V = 2R, and since k is inversely proportional to 
this same cr, the scale of excitabihties determined by chronaxie will 
be the inverse of the scale determined by ^ In the condenser case 
therefore the only advantage in the use of k rather than chronaxie is 
that ^ is a direct measure while chronaxie is inverse Since, however, 
with direct currents (1932, a, c) k and chronaxie are not simply re- 
lated except m particular cases the use of k is preferable throughout 
Previous discussions in conjunction with the present one indicate 
that a satisfactory symbolic basis has been provided for at least the 
principal phenomena of electncal excitation The simphcity of the 
hypotheses gives promise that the elucidation of the actual mecha- 
nism m physicochemical terms may not be eventually very difficult, 
and for the present the simplicity of the analysis will allow the correla- 
tion of most of the experimental data which may be obtained 

SUMMARY 

Equations are denved for the capacity-voltage relations for stimu- 
lation of tissue by condenser discharges, using the hypothesis that the 
local excitatory process p grows under the influence of an applied 
potential V according to the equation, 

dp 

dt ^ 

where K and k are constants It is further assumed that the local 
exatatory process becomes adequate when it attams a value /i ± a F 
where h and a are constants and V is the apphed potential at the 
particular mstant that the adequate value is attained The equa- 
tions so obtamed are apphed to the data of several authors on several 
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types of tissue and the agreements obtamed are suffiaently good It 
IS shown m one case that the direct current equation and the con 
denser discharge equation each derived from the above bases are con 
sistent when applied to data from the same preparation 
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I 

From the experiments of Warburg and Negelem (1923), we know 
that the green alga Chlorella pyrenotdosa can reduce one molecule of 
carbon dioxide for each four quanta of light absorbed, when conditions 
permit maximum efGciency Chlorophyll is clearly the substance 
absorbing the light quanta, so we may inquire how much chlorophyll 
must be present for the reduction of one molecule of carbon dioxide 
In a preceding paper (1932) we have presented evidence that the 
mechanism mvolved in the photochemical reaction must undergo a 
slower reaction, the so called Blackman reaction, before it can again 
take part in the photochemical reaction Let us consider a cell m 
fiashmg light when the dark periods between flashes are so long that 
each unit activated in a given flash has time to complete the Black- 
man reaction before the next flash Increasmg the intensity of the 
flashes should increase the carbon dioxide reduction per flash until 
each umt capable of undergomg the photochemical reaction does so 
once in each flash We say then that the photochemical reaction is 
saturated with light The possibility that any umt will undergo the 
light reaction more than once in a single flash may be neglected, be 
cause the time reqmred for the completion of the dark reaction is about 
0 02 sec at 25°C , while the duration of a light flash is 10"‘ sec 
We define one unit arbitranly as the mechanism which must undergo 
the photochemical reaction to reduce one molecule of carbon dioxide 
If we can obtain light flashes of sufficient intensity to saturate the pho 
tochemical reaction, then the number of units in a sample of cells will 
equal the number of carbon dioxide molecules reduced per flash The 
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total chlorophyll content of the sample divided by the number of 
carbon dioxide molecules reduced per flash will give the number of 
chlorophyll molecules per unit, or per molecule of carbon dioxide 
The measurement of this ratio was the objective of the work de- 
scribed in this paper 


n 


Methods of Measurement 


PhotosjTithesis was measured manometrically m the usual way The cells 
were suspended m a mixture of 85 parts ^ potassium bicarbonate and 15 parts 


— potassium carbonate The flashmg light was obtained by discharging a 1 or 

microfarad condenser, charged to about 3000 volts, through a neon tube The 
circmt IS described by Emerson and Arnold (1932, p 395) The tube was flashed 
twelve or twenty-one times a second 

To obtam flashes of sufiicient mtensity to saturate the photochemical reaction 
we were obbged to concentrate the light with mirrors The voltages used on the 
condenser were already so high that each tube lasted only a short time A cylm- 
dncal mirror was made by sphttmg a glass tube about 2 cm m diameter and sil- 
venng the outside of one half This mirror was hung just below the neon tube, 
and served to concentrate the light on the vessel containmg the photosjmthesiz- 
mg cells The sides and top of the vessel were also silvered, and all silvered sur- 
faces were copper-plated to protect the silver Usmg a cell suspension as a photom- 
eter, we found that the mirrors mcreased the light mtensity three to four times 

Ordmat}^ mcandescent lamps were not adequate to saturate certam samples of 
cells with contmuous light We ob tamed very mtense contmuous light from 100 
watt high temperature projection lamps by adjustmg silvered watch-glasses of 
appropnate diameter and curvature so that the images of the filaments fell in the 
cell suspensions Even the mtensity so obtained was not wholty satisfactory 

The light mtensity was vaned quantitatively by attachmg neutral filters of 
known percentage transmission to the bottoms of the vessels These filters are 
sufficiently non-selective for white light, but we found denser filters could transmit 
more red hght than their mdicated values The filters used m our experiments 
with neon hght were cahbrated for red with the spectrophotometer 

The chlorophyll content of the cells had to be detemimed m absolute units 
We are much mdebted to Dr Hans Gaffron for a sample of chlorophyll a -1- b 
prepared from Chloretla, with which we standardized our measurements 13 3 
mg of drj' chlorophjffi, weighed accurately to 0 1 mg , were dissolved m 1 liter 
of pure methanol The extmction coefficient of this solution was measured with 
a Komg-Martens spectrophotometer, usmg hght of 6598 95 A from a neon tube 
Pnor to measurement the usual Nicol ocular mounted in the divided curcle was 
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replaced by the Gauss ocular, ^hich shows the lines of the neon spectrum sepa 
ratel> when the collunator sUt is small The telescope was adjusted so that the 
Ime 6598 95 A was about centered in the field Then the collimator slit was 
opened until the neighbonng lines on either side, 6532 88 and 6678 27 A were 
about to fuse with the center Ime Telescope and ocular slit were then adjusted 
so that only the Ime 6598 95 A was visible This gives stnctlv monochromatic 
hght of adequate intensity for such chloroph> 11 solutions as we prepared 

We ha\e used the definition of the extinction coeffiaent, e, given m the Hand 
buch der Physik (1928 p 189) from the equation 

/, = / X 10““* 

This means that e is the reciprocal of that thickness of medium which will 
reduce the light to one tenth its original intensity 

Our standard chlorophyll solution 13 3 rog per bter of methanol gave a value 
of 0 634 for e at 6598 95 A Reduced to 10 mg chlorophyll per liter e " 0 476 
For determining the chlorophyll content of cells, samples of about 10 c mm. 
were used After bemg washed in distilled water boilmg water was poured over 
them Thcj were allowed to stand m this for 2 minutes The treatment does 
not decrease the jncld of chIoroph\ll and allows quicker completion of the ertrac 
tion The cells were then centrifuged out of distilled water, and extracted with 
methanol until the\ were white Extracts were made up to 25 c cm in \ olumetric 
flasks The techmque of measuring the extmction coeffiaents was the same as 
described above for the standard solution 
If V IS the volume m c,mm of cells extracted tn the molecular weight of chloro 
phyll € the standard extmction for 10 mg of chlorophyll per hter, and €i the coeffi 
cient for the sample, then the number of mols of chloropb> 11 per c mm of sample 
equals 

€, 25 X 10 

r « f» 1000® 

For m we used 906 6 the value given b> Willstatter and Stoll (1913, p 128) 
for the average molecular weight of a mixture of chlorophyll a + b Even large 
changes m the ratio a b would not alter this value as much as 1 per cent since 
the molecular weights of the two chlorophylls differ by only 14 units, accordmg to 
Willstatter and Stoll 

The chlorophj 11 concentration per imit volume of cells was vaned by growing 
cultures over different colors of light It has been mentioned (Emerson and Ar 
nold, 1932) that satisfactory changes m the chlorophj 11 content of Chlordla pyre 
nendosa cannot be effected convenientlj by the method of lowered iron concentra 
tion used for C (Emerson 1929) But cultures of C pyrenotdosa grovrn 

o\ er mercury luminous tubes contain large amounts of chlorophyll per umt amount 
of cells while similar cultures grown over neon tubes contam about one fourth as 
much chlorophj 11 Cells grown over 40 watt mcandescent lamps de^elop an m 
terraediatc amount of chloroph\ll The chlorophjll concentration produced 
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appears to depend on the intensity of the light and the age of the culture, as well as 
on the color of the light The neon light cultures mature faster than the incan- 
descent light cultures, the mercury cultures much more slowl}’- All cultures were 
grown at 20°C 

ni 

EXPERIMENTAL 

The flashing light concentrated by mirrors was barely suflicient to 
saturate the photochemical reaction, as shown by Fig 1 Photosyn- 



Fig 1 Relative light intensity plotted against photos 3 mthesis per flash, m 
arbitrary units Temperature 25°C 

thesis per flash is plotted against intensity The shape of the curve 
shows that higher intensities would probably increase the yield, though 
the maximum seems to have been nearly attained This conclusion 
IS in harmony with a possible theoretical explanation of the process 
which we shall propose m the last section Table I gives the data for 
the two experiments mcorporated in Fig 1 

The ratio of chlorophyll content to the maximum height of Curve 1 
gives the ratio of carbon dioxide reduction per flash, to amount of 
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chlorophyll It is important to know whether this ratio remains 
constant for different concentrations of chlorophyll, so we have meas 
ured maximum photosynthesis and chlorophyll content for a number 
of cell samples grown so as to have different amounts of chlorophyll 
The results, shown in Columns 4 and 10 of Table U, are plotted m Fig 
2 Column 11 of Table 11 gives the ratio, p, of chlorophyll photo- 
synthesis per flash at saturation A straight hne is the best fit for 



C Chlorophyll concentration, mols per cmia i' 10” 

Fig 2 Chlorophyll concentration m mols per c mm of cells plotted agamst 
mols of carbon dioxide reduced per flash of hght at saturation Temperature 
25‘'C 

the points in Fig 2 The slope of the curve, p, is therefore a constant 
for different concentrations of chlorophyll The value of p obtained 
by averaging the last column in Table II, 2480 molecules of chlorophyll 
per molecule of carbon dioxide reduced per flash, agrees exactly with 
the slope of the line chosen as the best fit for the pomts in Fig 2 
Column 8 in Table II gives the values of Q, photosynthesis in con- 
tinuous light It IS to be understood that Q does not represent light 
saturation in all cases, since we were not able to obtain light of suffi 
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cient intensity to saturate certain samples of cells Nevertheless, it is 
interesting to compare the highest obtainable values of Q with those 
for maximum photosynthesis per flash Q is plotted against chlo- 
rophyll in Fig 3 The points are more scattered than m Fig 2 We 
attribute the scatter to varying capacities to carry on the Blackman 
reaction among different samples of cells, a factor which would not 

TABLE I 

Photosynthesis in Flashing Light as a Function of Light Intensity Data for 

Fig 1 

Capacitj'' of condenser 5 /:ifd 
Resistance of charging circuit 3340 ohms 
Twenty-one flashes per sec 
3100 volts at rectifier 
Temperature 24 9°C 


Relative light 
intensity 

All, per 5 mm per 
c mm cells, corrected 
for respiration 

^0. 

Oicygcn per S mm 
per c mm cells 

Relative rate of 
oxygen production, 
it 

First experiment 






mm 


c mm 


100 

1 16 

0 52 

0 603 

14 50 

75 

1 18 1 

0 52 

0 614 

14 75 

50 


0 52 

0 515 

12 40 

28 


0 52 

0 354 

8 50 

10 

0 25 

0 52 

0 130 

3 15 

Second etpenment 





10 

0 27 

0 50 

0 135 

2 79 

28 


0 50 

0 420 

8 60 

SO 

1 10 

0 50 

0 550 

11 20 

75 

1 35 

0 50 

0 675 

13 85 

100 

1 35 

0 50 

1 

0 675 

13 85 


influence saturation in flashing light because the dark periods were 
sufficient for the completion of the Blackman reaction between flashes, 
but which would surely affect the balance between photochemical 
and Blackman reaction in continuous light This might also explain 
why we could not saturate certain samples with continuous light 
The cells with low chlorophyll content tended to fall short of satura- 
tion, even in our most intense continuous light If cells with high 










ROBERT EMERSON AND WILLIAM ARNOLD 


197 


chlorophyll content should have their capacity for the Blackman re 
action less well developed m proportion td their chlorophyll content 
than the cells with low chlorophyll content, then the cells rich in 

TABLE n 

Photosy^ithcsis in Flashing and Conhtiitotts Light as a Fnnciion 0 / Chlorophyll 
Content Data for Ftgs 2 and 3 
Capaaty of condenser i or 1 /ifd 
Resistance of charging arcuit 3300 to 7500 ohms 
Twelve flashes per sec. 

3100 volts at rectifier 
Temperature 25 C 


for 10 
cmm. 

celU 

25 cc 
neth 
aaol 

Souice of light for 
culture 

Chloro- 

phyll 

per 

cmm. 

c«lh 

xio» 

c 

MoUof 

chloro- 

phyll 

per 

CJQjn 

ceUi 

xio* 

^ 0 , 

Continuous light 

Flashing light 

p 

M 

Coo 

Unu 

ous 

Flash- 

■« 

Ah per 
S tnin. 

per 
c mm 
cells cor 
reeled 
for tes- 
plrftUo& 

Q 

Mols 
oxyg n 
per sec. 

per 

cjaau 

celU 

X 10“ 

Ak per 
5 mm 
per 
c.mm 
cells cor 
reeled 
for res* 
pirat OB 

« 

Mols 
oxygen 
per flash 
per 
cjnm 
celb 
+ lOU 



mg 





mm 


mm 



0 0816 

Neon 

0 428 

0 472 

0 41 

0 



1 99 

0 286 

1 77 

2660 

0 204 

Mercury 

1 07 

1 18 

0 41 

0 

52 

5 78 

3 S3 

0 768 

4 95 

2380 

0 146 

Neon 

0 766 

0 845 

0 41 

0 


6 05 

3 69 

0 473 

2 93 

2380 

0 242 

Mercury 

1 27 

1 40 

0 41 

0 

52 

wmsm 

4 18 

0 780 

5 03 

2780 


Neon 

0 352 

0 389 

0 41 

0 

41 



mimm 

1 57 

2480 

0 144 

Mercury 

0 756 

0 835 

0 41 

0 

41 

5 24 

3 19 

0 815 

4 15 

2010 

0 0544 

Neon 

0 289 

0 314 

0 41 



2 20 

1 34 




0 250 

40 watt lamps 

1 31 

1 45 

0 41 



6 06 

3 70 




0 0423 

Neon 

0 222 

0 245 

0 41 



2 73 

1 67 




0 224 


1 17 

1 29 

0 41 



5 15 

3 14 




0 118 

Neon 

■fWil 

0 672 

0 52 

0 

52 

2 70 


0 392 

2 S3 

2660 

0 218 

Mercury 

1 14 

1 26 


0 

50 

4 57 

3 40 


EE3 

3120 

0 116 

Neon 

0 606 

0 668 

0 52 

0 

52 

M!£| 

3 89 


3 38 

1980 

0 284 

Mercury 

1 49 

1 65 

0 50 

0 

50 

6 16 

4 58 

1 152 

7 15 

2310 


Mercury 

1 59 

1 75 


0 


6 05 


1 142 

na 

2460 










Average p 

2480 


chlorophyll would be saturated with light at lower intensities than 
those poor in chlorophyll This would explain the direction of curva 
ture of the hne drawn through the points in Fig 3 It would also 
explain the shape of the chlorophyll photosynthesis curves published by 
Emerson (1929) for C vulgans Those curves were made with cul 
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tures of the same age and nearly the same density The mamtam- 
ance of equal age and density m cultures of C pyrcnoidosa grown over 
mercury and neon lights is not as easily possible, since the cultures 
mature so much faster in the neon light The capacity for the Black- 
man reaction may well depend on the age and rate of growth of the 
culture, as well as on the chlorophyll content 
We are aware that we have published curves (1932, p 413, Fig 12) 
indicating identical capacity for the Blackman reaction relative to 



Fig 3 Concentration of chlorophyll in mols per c mm of cells plotted agamst 
mols of carbon dioxide reduced per second in high intensity contmuous light 
Temperature 25°C 


chlorophyll content in two very different samples of cells, grown over 
red and blue light We feel that we must attribute this result to 
chance, because the factors governing the development of the capacity 
for the Blackman reaction are evidently not yet under our control 

rv 

Theoretical 

We can give no adequate interpretation of our ratio of 2480 mole- 
cules of chlorophyll per molecule of carbon dioxide reduced per flash 
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Warburg and Negelem (1923) found that under favorable conditions 
Chlorclla pyrenotdosa could reduce one molecule of carbon dioxide 
for every four quanta absorbed The light ermtted by our neon tube 
IS nch in red, a color strongly absorbed by chlorophyll, and we know 
that at high mtensities the yield of photosynthesis per unit time of 
hght IS greatly improved by illuimnatmg with short flashes separated 
by long dark penods As yet we know nothmg of the quantum efli 
ciency in flashing hght We are forced to conclude that this is very low, 
or that most of the chlorophyll is not absorbing light The fact that 
our manmum intensities nearly saturated the photochemical reaction 
does not mean necessarily that every chlorophyll molecule was absorb 
mg light in each flash We need only suppose that for every 2480 
molecules of chlorophyll there is present in the cell one umt capable of 
reducing one molecule of carbon dioxide each time it is suitably acti- 
vated by light At our maximum intensity each flash activated nearly 
all these umts 

It IS also possible that the molecular weight of chlorophyll in the 
cell may be higher than that of extracted chlorophyll 

Knowing the number of units and the maximum rates of photosyn- 
thesis in continuous and flashing hght, we can calculate the average 
tune required for one unit to go through the cycle of photochemical 
and Blackman reactions We suppose the Blackman reaction must 
be completed each tune the photochemical reaction takes place, be 
fore the unit involved is again free to undergo the photochemical re 
action Therefore the mean tune of one cycle, which we call S, will 
be longer at low temperatures than at high ones 

To calculate 5, we shall let C be the chlorophyll content of the cells, 
m the photosynthesis per flash at saturation, and Q the photosynthesis 
per second at saturation with continuous light C, m, and Q are m 
mols per c mm of cells We have used m as a measure of the number 
of units capable of undergoing the photochemical reaction If S is 
the mean tune reqmred for a umt to undergo photochemical and 
Blackman reactions, then m/S is the maximiun possible rate of photo 
synthesis m continuous light at saturation, so we may wnte 



For a sample of cells whose values of m and Q fall on Curves 2 and 



200 


PHOTOCHEMICAL REACTION IN PHOTOSYNTHESIS 


3, m, which is independent of temperature, is 2 52 X 10” mols At 
25° (2 IS 2 08 X 10”^° mols From these figures 5 is equal to 1 2 X 
10”* sec 

We can also estimate the value of S from curves showmg the 
duration of the dark reaction after a flash of light The mean time of 
one cycle (neglecting the duration of the light reaction because it is 
very short compared to that of the dark reaction) will be approxi- 
mately equal to the time required for the Blackman reaction, when 
taken by itself, to convert half the product of the photochemical reac- 
tion This time can be read from numerous curves for the dark reac- 
tion which we have pubhshed previously (1932) for temperatures below 
25° Fig 8 (1932, p 403) shows that at 25° the Blackman reac- 
tion IS substantially completed m less than 0 035 sec , the shortest dark 
time used It would be half completed m about half this time, the 
exact point being determined by the order of the Blackman reaction, 
which we do not yet know But we may say from Fig 8 that S is 
about 0 017 sec , a figure of the same order of magnitude as the value 

'f}V 

calculated from ^ at 25° The value of Q for lower temperatures can 

be calculated roughly from the known temperature coefficient of pho- 
tos3m thesis, and the resulting values of 5 remain of the same order of 
magmtude as those estimated from the dark-time curves for corre- 
sponding temperatures 

We conclude, then, that at 25° the mean time required for a umt 
to complete the cycle of photochermcal and Blackman reactions, re- 
ducing one molecule of carbon dioxide, is somewhere between 0 01 
and 0 02 sec 

Now we shall present evidence, derived from the preceding experi- 
ments, that the photochemical reaction is of the first order with respect 
to hght intensity We will designate the number of units ready to 
undergo the photochemical reaction, as they would be after a long dark 
period, by N Under the mfluence of hght some of these units are 
activated and become ready to undergo the Blackman reaction We 
will designate the number of these photoactivated units as n They 
are reconverted by the Blackman reaction We will let K be the 
value of N -t- 7^ isT is a constant for a given sample of cells, and is 
proportional to the chlorophyll content of the sample We assume 
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also that the rate, R, at which the units undergo the photochemical 
reaction, is proportional to the hght mtensity and to the value of N 
We need not make any assumptions about the reconversion of the 
units as long as we consider photos 3 mthesis in flashing hght with long 
dark penods 
Our assumptions are 

N + n = K ( 1 ) 

and 

R = AIN ( 2 ) 

In equation (2) A is the veloaty constant for the reaction N + Ini 
— » n Equation (2) can be expressed in difl^erential form 



with t representing the tune, neglecting the Blackman reaction because 
t IS short 

Integratmg both sides of (3), 

N = a •' ( 4 ) 

When t = 0, equation (4) becomes 
N ^ c 

but we know that after a long dark period, all the units are ready to 
undergo the hght reaction, so » = 0, and N — K Hence we may re 
place the integration constant c in equation (4) by JC j 4 is a constant, 
and may be written before the mtegral sign 

N-Kr^-f’^ (S) 

We have good evidence that E, the total energy in a flash, is equiva 
lent to S 1 d i By insertmg different sized choke cods in series with 
the condenser and the neon tube, the hght flashes can be made slower 
and less intense, whde their energy content, E, remains proportional 
to the charge on the condenser, a constant By means of our spin- 
ning thread (Emerson and Arnold, 1932, p 397) we estimated that our 
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largest choke coil increased the duration of the flash about 100 times 
The maximum intensity of the flash is correspondingly decreased since 
the total energy liberated is the same Photosynthesis was measured 
in flashes of various duration while E was kept constant Unfortu- 
nately the fact that the energy emitted by the tube remained constant 
does not mean that the energy absorbed by the cells was the same for 
the various flashes The wave length distribution of the flashes 
differed with the different choke coils The slower flashes were darker 
red, and may have emitted more energy as heat For this reason 
the results are not quantitative Nevertheless, we were only able to 
find differences of 9 per cent m the photosynthesis per flash, using the 
largest choke coil These experiments mdicate that it is correct to use 
the first power of the intensity in equation (5) A higher power of I 
would require that the amount of photosynthesis per flash change with 
changes in intensity and duration of flash produced by the different 
choke coils It appears from the experiments that f I dt, which 
remains equal to the charge on the condenser, a constant, produces 
the same photosynthesis even when the time and intensity are changed 
over a wide range 

We will now let Ni denote the value of N remaining at the end of 
a light flash, and rewrite equation (5) 

= (6) 
K — Ni will be the number of units activated, measured by M 

M = K - Ni, 


M = ( 7 ) 

Subtracting both sides of equation (7) from K, and simplifying, 

K — M _-aS r* 

— ^ J 
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According to equation (8), the log of 



plotted against fidl 


should give a straight line of slope —A, intersecting the logarithmic 
axis where = 0 This plot can be made from Fig 1 Xldl is 
proportional to the intensity scale, and M is the height of the curve at 
any point K, being proportional to C, the chlorophyll content, is 
proportional to the maximum height to which the curve rises It was 
mentioned in the discussion of Fig 1 that our bght intensities did not 



Fig 4 See text for explanation Curve A is made from Fig 1, takmg K as 
the maximum height 14 5 attamed by the curve dratvn in Fig I lane B is 
plotted from Fig 1 on the assumption that K would finally reach the value 15 5, if 
We could obtam flashes of suffiaent mtensity 

permit the experimental determination of this maximum height We 
may assign to K either the highest value attamed by Curve 1, or a 
slightly higher value the probable maximum Curve A m Fig 4 is 

a plot of I against log ^ is given the value 14 5, the 

highest level actually attained by Curve 1 Curve A deviates most 
from a straight line m the region where too low a value of K would 
make the largest error If we assign to K the value IS 5 instead of 
14 5, we obtain the hne S, in Fig 4, as required by equation (8) 
Since IS S IS probabjy nearer the maximum height attainable by the 
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curve in Fig 1 than 14 5, we think our interpretation comes close to 
fitting the experimental results 

Any interpretation in which light intensity enters this mechanism 
at a power higher than the first, fails to explain these results as satis- 
factorily If we retain the concept that there are units m the photo- 
synthetic mechanism which go through the photochemical and Black- 
man reactions in a cycle, our explanation is a good fit Future work 
may show that we are mistaken in interpreting the behavior of pho- 
tos)mthesis in flashing light to mean that a cyclical type of reaction is 
governing the process In this case our scheme will have to be 
abandoned It covers the photochemical reaction only, but gives 
promise that it may be extended to include the Blackman reaction as 
weU Qualitatively it wfll explain the shape of the ordinary intensity 
curves pubhshed by Warburg (1925), van den Honert (1930), van der 
Paauw (1932), and others We suppose that saturation m continuous 
light IS reached when the photochemical reaction produces its product 
as fast as the Blackman reaction can use it But an exact interpreta- 
tion of the balance between the photochemical and Blackman reac- 
tions must await a better understanding of the Blackman reaction 

SUMMARY 

Measurements of photosynthesis were made in continuous and 
flashing light of high intensity, using cells varying m chlorophyll con- 
tent The amount of chlorophyll present per molecule of carbon diox- 
ide reduced per single flash of hght was found to be about 2480 mole- 
cules The length of time required for one unit m the photosynthetic 
mechanism to complete the cycle of photochemical and Blackman 
reactions was found to be about 0 02 sec at 2S°C The equation 
R = AIN was shown to give a good description of the rate of the photo- 
chemical reaction, when A is a velocity constant, I the intensity of 
light, and N the number of units in the photosynthetic mechanism 

We are greatly indebted to Mr Erickson and to the Electrical Prod- 
ucts Corporation for the large number of tubes which they furnished 
us Our thanks are due especially to Professor R C Tolman for 
helpful criticism 
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THE EFFECTS OF RADIATIONS ON BIOLOGICAL 
SYSTEMS 


I Influence or High Feequency X Ray Radiation upon the 
Duration of the Prepupal Period of Drosophilae 

Bv RAYMOND HUSSEY, WILLIAM R THOMPSON ROBERT TENNANT, and 
nancy DoVAL CAMPBELL 

{From the Department of Pathology^ Vale University, New Eaten) 
(Accepted for pubiicaDon July 20, 1932) 

Some results of mvestigations conducted m this laboratory con 
cemed with the influence of i ray irradiation upon the duration of the 
prepupal period of Drosophila melanogaster have been reported' ’ 
previously In every instance an extension of the larval period re 
suited In the case of high frequency radiation, mvestigations of the 
course of such effects could not be extended as much as was desired, 
on account of the low power of sources then available However, 
over the early part of the course it was defimtely indicated' that the 
duration of the prepupal penod was an mcreasmg function of the time 
of irradiation under the given conditions In the absence of more 
powerful sources investigations of effects of more extensive irradiation 
were conducted* with the inclusion of radiations of lower frequency in 
order to mcrease the available power The demonstration of a maxi- 
mum pomt of effectiveness of prolonged irradiation (m extension of tlie 
mean prepupal period, <ti) was a striking result It is the purpose of 
the present communication to give the results of similar experiments 
employing high frequency radiation from a more powerful source ’ 

Preparation and Maintenance of Larvae 

The Drosophilae employed in the present and former work' * were raised m 
distmct generations from an ongmal culture obtained from Dr J H Northrop 

' Hussey, R , Thompson, W R., and Calhoun, E T , Science, 1927, 66, 65 
Tennant R., Science 1931,73, 567 

* A Coohdge water cooled tube kindly suppbed bv the General Electric Co 
(General Electnc X Ray Corp ) 
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■who had grown the strain for man)’’ generations under aseptic conditions, and have 
been mamtained under similar conditions at 25°C (approximately withm 1°) m 
this laboratory The stock food consisted of a mixture of 1 part of thoroughly 
ripened banana to 3 parts of yeast^ by weight to which was added 2 ml of glacial 
acetic acid for each 100 gm of yeast used, the whole being autoclaved for 45 
mmutes on each of 2 successive days at approximately 121°C This autoclavmg 
techmque was employed m preparmg all foods, water, flasks or voile filters for use 
m the present work Flasks for seedmg and generation were prepared with side 
tubes for delivery of imagos via an aseptic rubber tube ordmanly fitted with a glass 
plug, those for stock contammg a sufficient amount of the food described above 
for maintenance upon absorbent cotton, and those for preparation of larvae for 
experiment contammg 6 ml of a food consistmg of 15 gm of yeast to 20 ml of 
beef infusion agar (pH 7 0) The flasks were ordmarily Pyrex Erlenmeyer flasks 
of 125 to 200 ml capacity, the neck bemg fitted wth a plug of non-absorbent cot- 
ton wrapped m cotton gauze at its base and covered with a paper cap Seeding 
flies (of age not exceeding 9 5 days) were used m every instance for an interval 
between 23 5 and 24 5 hours m a given flask 

In the case of stock flasks additional food was added 24 hours after removal of 
the parent ffies This food consisted of a mixture of 454 gm of yeast and 400 ml 
of distilled water plus 1 part to 50 by volume of glacial acetic aad, autoclaved in 
the usual way 10 ml of this food were used (added as stated above through the 
dehvery tube) for each stock flask, and m the case of the yeast-agar flasks (for 
experimental larvae) 4 ml of this food were added to each flask immediately 
after removal of the parent flies, and the flask left tilted at an angle of about 60° 
from the normal vertical position for 24 hours, after which it was returned to the 
vertical position 

Ordmanly, 4 days after the commencement of generation the larvae of the yeast- 
agar flasks were ready for experimentation The median age of larvae at any 
given mstant is taken as the time elapsed smce the mid-pomt of the seedmg mter- 
val, a Thus, ordinarily, irradiations were started at a time when a = 3 5 days, 
appro'omately, which was the same in earlier work so far reported ^ ^ The larvae 
were washed with sterile tap water onto stenle voile filters and freed from food 
and extraneous matter with further washmgs and the aid of camel’s hair brushes 
Then the larvae were distnbuted m random samples m wells in blocks made of 
stearm-paraffin (1 part by weight of stearic acid to 3 parts of paraflttn — the melting 
pomt of the latter bemg 52-54°C ) The wells were cut m a plane surface, and 
were cylmdrical m shape (diameter = 25 mm and 5 mm deep) They had three 
pieces of filter paper (Whatman No 2) fitted m the bottom upon which the larvae 
were placed Then 0 1 ml of stenle tap water was added to each well and a cover 
of filter paper permeated with stearm-paraffin sealed over its top Unless other- 
-vi'ise specified, the cover was then perforated with a needle m a imiform manner 
so as to permit ventilation Aseptic technique was employed throughout 

^ The ) east -nas supplied by the Fleischmann Yeast Co 
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All stearin paraffin blocks Tvere of standardized thickness, 25 mm , and those 
used in irradiations were arranged so that alone or fitted together as the case might 
be thej formed a rectangular pnsm 250 X 250 X 25 mm with the plane surface 
(250 mm square) uppermost m horizontal position In the case of all but the 
depth eiqieriments the wells were cut m this surface In the depth experiment a 
slight difference existed m order to permit ventilation even when such blocks were 
stacked as will be described later 

In all irradiations a stack of blocks of this type was set so as to be inscnbed in a 
rectangular pnsm with horizontal cross-section 250 mm square and what will be 
called its axts of reference, through the centers of these cross sectional squares, 
\ ertical and passmg through the center of the target of the x ray tube In de 
scnbmg the situation of w ells the distance between the axis of a gi\ en well and this 
axis of reference when m position for irradiation will be called d, and the vertical 
distance (difference m elevation) between the target center and well top will be 
called D The axis of any well in arrangements for irradiation was always m a 
plane through the ideal arcumscnbing pnsm s diagonally opposite vertical edges 
and the prism arranged so that such a plane made an angle e, with the axis of the 
X ray tube (which was always m the horizontal position customary for direction of 
radiations for use vertically beneath the tube), 6 bemg 45® m the case that will be 
called Phantom Form 1 and bemg equal to cither 0 or 90® m Phantom Form Z 
Furthermore m order to avoid arcumlocution m descnbmg irradiations, m ad 
dition to the above definitions let Z be the distance of a given pomt below the upper 
most horizontal plane of the above mentioned circumscadbing pnsm, and m par 
ticular let the value of Z for the pomts on the corresponding lowest plane be called 
the phantom depth, and the value of Z for the uppermost pomts of a given well be 
called Its depth tn the phantom X Thus for wells situated at the upper plane sur 
face of the phantom, X = 0, which was the case m most of the experiments to be 
described below 

The details of irradiation technique wiU be given separately m dcscnption of 
particular experiments usmg the present outline as a foundation m order to save 
repetition where treatment was umform as was the case followmg irradiations m 
that control or irraduted larvae were transferred to small wide mouthed flasks 
(as nearl> at the same time as practicable) contammg enough yeast food on cotton 
for their mamlenance while under observation and subsequent!) observed at defi 
mte mtervals (aliout i daj ) for pupation all pupae formed bemg removed counted, 
and the number for each class recorded together with the time of observation 
Thus m an obvious manner, the mean age of pupation, 0 (estimated from the mean 
time of seeding as is a) or the corresponding median time of pupation (f > , could be 
calculated- 

As m precedmg work the greatest care practicable was exercised to prevent con 
tammation In the experiments reported transfers were made of flask contents 
at the end of pupation observations to beef infusion broth and kept at 37 5®C 
for 48 hours during which time they were oteerved at mter^Tils without ever di. 
tectmg growth 
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Instead of contintung observation until all larvae had either pupated or died, 
the alternative of cessation in accord with an arbitrary criterion was adopted, 
namely, if an interval of more than 1 9 days elapse in which it be observed that less 
pupae were formed than one-twentieth of the total formed m a given lot, then fur- 
ther observations on this lot were excluded m calculation This instituted much 
savmg m time and space reqmred for the work without altermg the averages 
greatly (mean or median) and affected increments in such averages as the result 
of irradiation or other treatment even less 

EXPERIMENTAL 

Experiments were carried out in a manner similar to those re- 
ported^ ^ previously to trace the course of variation of the median 
prepupal period, <})', with duration of irradiation, t, under otherwise 
fixed conditions In terms of the variables defined above these were 
as follows 

Radiations generated by a Coolidge water-cooled tube impressed by 
191 kv (peak) with current of 30 ma , were passed through a horizon- 
tal circular aperture 380 mm below the target center and 180 mm in 
diameter and through filters immediately beneath this of 0 5 mm of 
copper and 1 0 mm of aluminum to the phantom in Form 2 (phan- 
tom depth = 175 mm , X = 0, D = 500 mm , and d = 60 mm ) 
As m all previous work the top layer of the phantom consisted at aU 
times (in course curve investigation) of four blocks, 25 by 125® in 
millimeters, with well of standard t3^e drilled in the upper square 
surface 60 mm along a diagonal from a comer placed in touch with 
the similar comers of the companion blocks Eight such blocks were 
used m each experiment, No 8 bemg the unirradiated control, No 7 
being irradiated for the full irradiation time of aU, and the pairs, 1 
and 6, 2 and 5, and 3 and 4 having the sum of irradiation intervals for 
each pair equal to that of No 7 Thus all irradiations m a given ex- 
periment were performed durmg the irradiation of No 7 by succes- 
sive replacements with slight interruption, the chronological order of 
the replacements being reversed m alternate experiments of this sort 
and the orientation of the pairs in irradiation bemg varied so as to 
minimiz e effect upon the means of several experiments which might be 
involved The results of four experiments of this type are given in 
Table I and represented graphically in Text-fig 1, where the presence 
of a maximum pomt is obvious as is the subsequent decline in effective- 
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ness from the point of view of increasing the larval period to an almost 
level plateau, the curve bemg much like that already presented* in 
the case of unfiltered radiation The mean and median prepupal pe- 
nods give essentially the same form of curve (both are given in the case 
of the first experunent of Table 1), but the median alone will be used 
in work described below because of greater simphaty m the makmg 
of necessary observations and calculations 

In connection with these course curves (Text fig 1) it should be 
stated that m the first report* on such work any attempt to approxi- 
mate the mean prepupal period, tj), by an asymptotic loganthmic curve 

TABLE I 


Influence of the Period of Irradiation upon the Duration of the Prepupal Period 


Ezpeilmeat 1 


MM 





Bfe&n 

Median 



Med an 

Median 

t 







0 

(5 82) 

S 73 

BUS 


5 16 

5 21 

40 

(7 13) 

6 90 

■m 


7 33 

7 27 

SO 

(8 96) 

8 84 

9 19 

65 

8 18 

8 40 

120 

(8 49) 

8 41 

8 69 

80 

8 76 

9 00 

160 

(7 84) 

7 72 

7 82 

95 

9 62 

9 36 


(7 66) 

7 61 

7 70 


9 69 

9 41 

240 

(7 75) 

7 54 

7 71 

125 

9 32 

8 77 

280 

(7 77) 

7 69 

7 72 

175 

8 27 

7 96 


as an increasmg function of the period of irradiation, t, was definitely 
avoided, as was any attempt to explam the results upon the basis of 
destruction of enzymes in irradiation, which subject has been studied, 
however, as another means of approach to an understandmg of the 
influence of radiations upon biological systems ‘ Indeed, evidence 
already at hand but which was considered unready for pubhcation at 
that tune led to the work previously mentioned* m which more ex 
tensive x ray irradiations were obtamed by ehmmating the copper and 
aluminum filters used m the present work The form of the curves 
thus obtained, together with those of the present experiments (Text- 
fig 1) definitely contradict the proposition of fit of 4> to an mcreasing 

* Hussey R. and Thompson, W R J” Gen Physiol , 1922-23 6, 647 1923-24, 
6, 1, 7, 1925-26, 9, 211, 217 309 315 1931-32, 16, 9 
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exponential function of t However, another author® has employed 
the data of our earlier work^ for this purpose and in his presentation 



Fig 1 

the approximation appears fairly close It happens only too often m 
presentation of biological data that attempts are made to represent 

® Koidsumi, K., J Soc Trap Agnc , 1930, 2, 258 
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the observations by simple logarithmic curves, apparently as a result 
of the success with which they have been employed m physical chemis 
try Brooks’ and others have emphasized this fact In some in 
stances cited by Brooks even the exclusion of the early part of a series 
of observations as a period of mcuhttiton has been undertaken m order 
to fit the data to the favored curve, but in the present mstance the 
difficulty presents itself m the form of a maximum point m the middle 
of the expenence 

In Text fig 1 the data of the former experience' (with approximately 
the same quahty of radiation as at present employed) in the study of 
the course of effect of irradiation upon the prepupal period are given 
with the absassae equal to the tune of irradiation times the factor, 
S (SO)’ 


30 (54)’ 


I which IS the estimated relative mtensity of radiation m the 


former work The points are mdicated by the cross (X) m the figure, 
where the approximation to the present results on this basis m spite 
of technical differences is obvious particularly as to the slopes of the 
curves This indicates the possibihty that within wide limits a close 
approximation of the same results may be had when the mtensity and 
time of irradiation are vaned inversely under otherwise fixed condi 
tions as to quality of radiations and technical handlmg Expen 
ments deahng with such relations have been planned for future work 

Another series of experiments were earned out with wells in a phan 
tom of the same dimensions as that for the course curve but with a well 
in the center (d = 0) of the square upper face as well as the four at d = 
60 mm and with the phantom in the Form 1 The well block was 
made as a single piece (25 X 250 mm ) contaming the five wells as 
all irradiations were planned to be equal and simultaneous These 
wells and the larvae lots irradiated in them will be designated as 
follows 

A — coaxial with the phantom and radiation cone, B and D having 
their Ime of centers parallel with the axis of the x ray tube, B on the 
cathodal side (North), and D on the anodal side (South) relative to A, 
and C and E bemg m the relative West and East positions, respectively 
Thus the four wells lay (relative to centers) on a arcle of radius equal 


’Brooks, S C,J Gen Physiol 19IS-19, 1, 61 
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to 60 mm m quadrant positions and with A at the center vertically 
beneath the target centroid Aside from the period of irradiation 
which was 60 minutes in each instance, other conditions were as de- 
scribed for the course curve experiments above, including a control, 
S For the sake of brevity, the values of (j), the median prepupal period, 
observed m four such experiments are not given in Table II but rather 
the correspondmg values of the ratio (R) of the excess of these values 
over those for S to the mean of such excess for the four s)TnmetricaUy 
placed weUs (B, C, D, and E) m each experiment, which furmshes a 
more satisfactory basis of comparison Indeed, in view of the results 


TABLE n 

Relative Effectiveness of Radiations at Given Points on the Upper Surface of the 

Phantom 


Position 

A 

(central) 

60 nun from the center 

B 

(cathodal) 

north 

C 

(medial) 

west 

D 

(anodal) 

south 

E 

(medial) 

east 

Expenment 


R 

R 

R 

R 

1 


0 98 

1 04 

1 01 

0 98 

2 


1 04 

0 97 

0 96 

1 03 

3 


0 98 

1 03 

0 92 

1 07 

4 

■IH 

0 98 

1 00 

0 98 

1 05 

Mean R 

1 10 

1 00 

1 01 

0 97 

1 03 

A D 

0 015 

0 013 

0 013 

0 014 

0 014 


given for the course curve (in this region bemg approxunately Imear) 
R may be taken as an indication of relative effectiveness No signifi- 
cant difference appears in the case of the four symmetrical wells, but 
about 10 per cent greater effectiveness at the center position. A, is 
mdicated with an A D of approximately 1 5 per cent m each instance 
An unusually mteresting result was observed in a companion to the 
above experiments, the same arrangement being used except that 
Well A was left empty and C and B were not provided with ventila- 
tion as m the case of an additional control The period of simultane- 
ous irradiation was 50 mmutes under conditions otherwise essentially 
the same as m the above mentioned experiments of Table II, with the 
followmg results 
















HUSSEY, THOMPSON, TENNANT, AND CAMPBELL 


215 


Ventilated 

Unventilated 


Gintfol 

Inadlated 

Mun 

{*„) 

(*) 


5 81 

7 74, 7 75 

1 94 

S 91 

6 87, 6 86 

0 95 


The mean number of pupae removed per well was about 450 m the 
above experience, being 528 for the regularly ventilated control and 
395 for the other, and for B, C, D, and E bemg 428, 429, 472, and 458, 
respectively The approximate halvmg of the effect by omission of 
ventilation dunng irradiation appears significant A quahtative 
difference in the distribution of larvae in the wells when they were un- 
sealed was so marked that it seems worthy of mention that mdepend- 
ently of irradiation (control and irradiated lots alike) m the wells 
whose covers were unperforated the larvae were massed upon the 
bottom, almost all bemg m one contiguous heap, whereas in those 
wells havmg covers perforated in the usual manner, the larvae were 
greatly dispersed about the cover, sides, and bottom 

Another experiment was performed (m duphcate) employing the 
same conditions of irradiation as above, all well covers bemg perfo 
rated as will be implied unless otherwise stated hereafter The larvae 
in the four wells simultaneously irradiated, however, differed in 
median age by successive mtervals of 0 5 day, having parents from the 
same generation allowed to seed flasks at mtervals m advance fixed 
so as to make this possible, a control well correspondmg to each well 
irradiated bemg mamtamed The results are given in Table III, 
where a correlation of increase m both <)> and <f>o with age at the tune of 
the confinement m the wells is apparent, <^>« bemg the median prepupal 
penod for the control and <j> that for the irradiated lot of larvae (here 
m one to one correspondence) 

In the previous report* of effects of high frequency x ray radiation 
on (j) it was pointed out that the larval system m paraffin or other 
phantom wells might be used as a means of estimating the effective- 
ness of radiations from a given source at different depths m such 
phantoms The need of uniform ventilation m such studies is obvious 
in view of the results of the ventilation experiment described above 
If stacks of blocks (each 25 X 250’ mm ) are to be used as m the phan- 
toms so far employed in this laboratory, a convenient form for the 
well blocks (which may be used for either depth or upper surface irra 
diations) is the followmg 
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The regular size (25 X 250= mm ) phantom unit block of stearin- 
paraffin mixture with a cylindrical well (3 mm deep and 50 mm m 
diameter) cut in the center of the upper square face with another well 
cut coaxially m this well of the usual type for holding the larvae to be 
irradiated (5 mm deep and 25 mm m diameter) and a rectangular 
groove cut in the same face (3 mm deep and 10 mm in width) with 
sides parallel to plane faces of the block 

Obviously, larvae may be sealed m the small well in the usual man- 
ner, the cover perforated, and the block placed in any desired position 


TABLE ni 

Variations in effects of a uniform treatment of larvae in different stages of de- 
velopment, comparmg correlated effects in control and irradiated lots 


ETpenment 

Median age at time 
of irradiation (or) 

1 

Control 

Irradiated 

{<!-) 


1 

3 0 

5 36 

7 36 

2 00 

2 

5 43 

7 22 

1 79 

1 

3 5 

5 61 

7 48 

1 87 

2 

5 67 

7 19 

1 52 

1 

4 0 

5 71 

7 68 

1 97 

2 

5 84 

7 68 

1 84 

1 

4 5 

5 84 

8 09 

2 25 

2 

S 89 

7 79 

1 90 


m the stack {eg, in the seven-block phantom) with the groove in a 
conventional position In the experiments to be described this groove 
was always parallel to the x-ray tube axis, Phantom Form 2 being used 
Thus ventilation could be provided by means of a fan, the groove and 
large well formmg a ventilation system when a block was placed above 
it as all block bottoms are plane in the system described This ar- 
rangement was more satisfactory than that used in the experiments 
reported previously^ and has been employed uniformly m investiga- 
tions of effectiveness of radiations at depths in this phantom 

After certain preliminary investigation it appeared as if the effec- 
tiveness of radiations of the quality and intensity used in the work 









HUSSEY, THOMPSON, TENNANT, AND CAMPBELL 


217 


described above might be approximately 0 82 times as effective at a 
depth of 25 mm as on the upper surface m the phantom (Form 2) 50 
cm from the source Accordingly, data were collected m four experi 
ments m which two lots of larvae were irradiated m the top block posi 
tion for 40 and 60 mmutes respectively as in the course curv e work, but 
m the standard central vent well as employed at other positions and 
mtermediately a lot of larvae was irradiated m the position of second 
block (25 mm lower) for 61 mmutes, all larvae in a given experiment 
being random samples from the same supply of larvae prepared as in 
the course curve experiments, approxunately 3 5 day s old All larvae 


TABLE IV 

Relatnc Efedivcncss of Radiation at Top and at Depth of 25 Mm in the Phantom 


Lot, 

HI 

B 

C 

S 


X 


2 Smm 

} nun. 




/ 

1 

<Q 1 


60 

0 

R 

BerutioD 

£xpcri£a<nt 

* 


* 




1 

7 46 

8 04 

8 14 ■ 

(=97) 

0 936 

+ 066 

2 

6 85 

7 92 

8 32 

(5 56) 

0 875 

+ 005 

3 


7 38 

8 07 

(S 59) 


- 113 

4 

6 82 

7 87 

; 8 16 

(5 63) 

0 913 1 

+ 043 

Mean 

7 05 

7 80 

8 17 

(5 69) 

0 870 (A 

D = 028) 


and a control were placed in and removed from the wells at as nearly 
the same time as practicable and pupation observed as m previous 
work The lots irradiated were designated A, B, and C in the order of 
irradiation, B being at the depth 25 mm below that of A and C The 
value of X is, of course, 3 mm greater, due to the cuttmg of the groove 
and large well system, but the results are treated as measures of ap 
proximate relative effectiveness of radiations at the depth 3 mm higher 
This relative effectiveness {R) may be estimated by means of a 
linear interpolation approxunation of the time that would be required 
at the surface for the effect observed m B, if being the ratio of this 
time to the time actually required m the case of B The results are 
given m Table IV, the mean value of R being 0 870 (A D = 028) 




















218 


RADIATIONS ON BIOLOGICAL SYSTEMS I 


The value obtained by similar interpolation using the mean of the 
four values for each type of irradiation is 0 875, but this method of es- 
timation IS not as generally applicable as the former which does not 
require uniformity m the irradiation scheme 

The results so far presented (m Tables II and IV) obviously repre- 
sent only a small portion of the phantom explorable in this manner, 
but are given as an illustration of a method of studying relative effec- 
tiveness of radiations in different portions of a phantom employing a 
living system as mdicator The contrast of such results with those 
similarly obtained with gaseous ionization chambers should be inter- 
esting m view of the controversial character the subject has assumed 

DISCUSSION 

It IS important to note that the shift in the average prepupal periods 
with irradiation in the above experiments is not accountable on the 
basis of selective mortality alone, and, indeed, the r61e of selective 
mortality in such effects seems to be insignificant This is clearly 
brought out m the diagram of the distribution of pupation observed in 
the first course curve experiment (Table I) which is presented in Text- 
fig 2 In the form of class-frequency diagrams (the height of the 
black rectangles being proportional to the number of pupae formed in 
the given observational interval, taken as | day) the distribution of 
<t> is given with the median value indicated by a white vertical line in 
each instance, the base line of each diagram bemg placed at the ordi- 
nate height relative to the period of irradiation, t The representation 
IS convertible to the conventional form in a three dimensional Car- 
tesian coordinate system by the simple device of rotating each fre- 
quency diagram (blackened region) about its base line through an 
angle of 90° in a given direction 

Approximately the same number of larvae (about 300) were taken 
for each well (as stated previously), hence the approximation of the 
blackened areas to equality indicates the lack of great difference in 
the fraction of larvae reaching the pupal stage m these experiments 
Thus it is obvious that the diagram would discredit any attempt to 
account for the observed shifts m the position of the median </> upon 
the basis of selective mortahty alone The total pupae formed for 
the different lots (in order of increasing t) were 287, 308, 313, 335, 268, 
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272, 26S, and 270, respectively, in this experience The value of the 
pupation rate ordinate is not given in the figure, but the distance cor- 
responding to 40 minute difference in / was taken to represent a pupa- 



0 S 10 u 


p (In days) 

Fig 2 

tion rate of ISO per half day This was done to avoid overlapping m 
the diagrams, the greatest rate observed being one of 133 pupae in a 
half day m the case of the lot irradiated for 40 minutes 
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It IS interesting to note the apparent decrease in skewness in the 
neighborhood of the maximum displacement of the average (f> (about 
an irradiation time of 80 minutes) 

SUMMARY 

The effect of high-frequency x-ray irradiation in prolongation of the 
larval stage of Drosophila mclanogaster has been studied further, and 
evidence presented of the attainment of a maximum effect followed by 
a decrease to an almost level plateau in the course curve of average 
(median) prepupal period {4>) as a function of the period of irradiation 
(/) under otherwise fixed conditions The variation of effects of the 
experimental treatment with age of the larvae at the time of irradia- 
tion has been demonstrated in both control and irradiated lots, and a 
strikingly decreased effect observed when ventilation was not supplied 
as usual 

Means of employment of a living system of this type as an indicator 
of effectiveness of radiation as in phantom depth or other distributional 
experiments have been presented and their use illustrated 



A STUDY OF THE EFFECTS OF CERTAIN VARIATIONS IN 

PREPARATION OF A STARCH SUBSTRATE IN AMYLASE 
VISCOSIMETRY 

By GAEL H WIES and SARA M McGARVEY 
(From the Department of Pathology, Fate Unirernty, New Haven) 
(Accepted for publication, July 20, 1932) 

In earlier studies in this laboratory on starch amylase digestion, it 
was found that considerable variation ensted in the physiochemical 
properties of starch prepared by the method of Litner Accordmgly, 
as a temporary expedient, experiments were restricted to a single 
batch of starch ' ’ The foUowmg work was undertaken to ascertam 
the effect of dilution of the starch substrate, and to inrestigate the 
possibihty of establishmg relations between the vanous batches of 
commercial soluble starch, using relative viscosity and amylase diges 
tivity as comparative factors 

In another commumcation* from this laboratory, a method has been 
described for the estimation of amylase by a viscosimetric method, em- 
ploymg 7 per cent starch solution (Baker’s Soluble Starch, Lot No 
13128) as substrate, wherem the general aspects of viscosimetric 
methods have been discussed In what follows it will be attempted to 
employ, wherever possible, the same symbols as were used in that dis 
cussion, for the variables mvolved Briefly summarized these are as 
follows 

For a particular digestion, x is the time in seconds (to the nearest 
tenth) reqmred for the digestion mixture in a given viscosimeter to 
flow between the fixed marks at a time, t, from the mid time of this 
observation to the mid time of mixing the enzyme and substrate t 
IS expressed in hours to the nearest thousandth 

s IS the mean time of outflow m seconds, previously estimated in the 

1 Thompson, W R., Johnson C E and Hussey, R , 7 Gen Physiol 1931^2, 
16, 1 

* Johnson C E , and Wies, C H 7 Exp Med , 1932, 65, 505 
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same viscosimeter for a solution differing from the digestion nuxture 
only in that a conventional solution devoid of enzjune (c g , 0 85 per 
cent salme) is substituted for the enzyme solution m admixture with 
substrate 5<, is called, for brevity, the zero outflow twte for the given 
digestion 

^ IS defined as a positive number, less than unity and fixed for any 
enzyme substrate system, and S is defined by the relation 

( 1 ) S = So if> 

In the work! with the 7 per cent starch as substrate, the value 
^ = 0 800 was arbitrarily chosen In these digestions as m those men- 
tioned below, the temperature was maintained withm 0 03 of a degree 
of 37 50°C The associated values (/, s) for a given digestion form a 
set of pomts which may be plotted on coordinate paper and a smooth 
curve fitted as described m the report^ previousl}’- mentioned On this 
curve a pomt whose ordinate is S is found, and the corresponding ab- 
scissa is called T It was found that T varied in inverse proportion 
to the enzyme concentration Accordingly, Q was taken as the con- 
centration of amylase (m the solution, 5 parts of which are muxed with 
25 parts by volume of substrate) m arbitrary units, defined by the 
relation 

(2) G = ^ 

The actual concentration of amylase in the digestion muxture is es- 
timated as 1 /6 of this under the circumstances 

The object of the experiments of the first part of the present report 
was to show what value of 0 should be chosen for starch substrate 
solutions made from the same lot of starch as the above, but differing 
m the starch concentration, m order that T should be the same for 
these systems when the enzjme concentration is the same Accord- 
ingly, simultaneous digestions were run with a standardized starch 
substrate in each instance, and another substrate solution with the 
same concentration of enzjme From the data on the former diges- 
tion, T was estimated (as a mean of four digestion observations), 
and by an mverse process a point on the curves for the other substrate 
solution havmg the abscissa T was found The corresponding ordi- 



CARL H WIES AND SARA U lIcGARVE\ 


223 


nate was called S, and the ratio of this to s, (the correspondmg zero 
outflow time) taken as an estimate of the appropriate value of 0 men 
tioned above, or, as an alternative wrhich was employed after the first 
such experiment in which the standard 7 per cent substrate was com 
pared with the 3 per cent starch substrate, for which the value 
0 = 0 842 w as found appropriate, this 3 per cent starch was used as the 
basis of comparison of others The mean of four such estimations is 
given m the mstance of each substrate solution so employed, together 



Fic 1 

with the correspondmg mean value of p, the relative viscosity, defined 
b) the relation 



where IT^ is the mean outflow time of distilled water under the same 
conditions as prevailed m the estimation of s (that is, the same v is 
cosimeter, temperature, and volume) In Table I are given the re 
suits obtamed which are represented graphically m Text fig 1, where 
a smooth curve is drawn through the points (p, (f) 
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The validity of employing the 3 per cent substrate solution for es- 
timation of amylase concentration is indicated by the following ex- 
periment Four digestion muxtures were simultaneously obser\^ed, 
employing 3 per cent starch as substrate, m which the enzy^ne con- 
centrations were in the proportion 1 | (j)- (j)^, the greatest concen- 
tration being about 4 units (Q = 4) The results of five such expen- 
ments, with digestions followed m duplicate m each instance, are given 
m Table II In this table the means of the duphcate digestion esti- 
mates of T are designated by a, 0, y, and 5 respectively, a bemg that 
for the strongest, and so on m descending order, /5 for j, y for j, and 
6 for I of this strength 


TABLE I 


Starch concentration 

P 


fl d 

fw HOO ct 

7 000 

2 89 

0 800 


6 000 

2 46 

0 807 

0 001 

3 000 

1 56 

0 842 

0 001 

1 500 

1 25 

0 890 


0 750 

1 12 

0 924 

' 0 002 

0 375 

1 06 

1 

0 959 

0 004 


a d IS the mean of nnmencal deviations of <p estimated from their mean 


In order to compare these various experiments we define the number 
J m each instance by the relation 

^ 8ar -{- 4/ff + 2y -f- 5 
(4) J = - 


and we define 


(5) 


a' = -.p' = y, y' = \ and 5' 


r 


J 


r 


h 

J 


The value of these variables will be found m Table III together with 
their means, dispersion measures (a d and AD), and A, the deviation 
of the mean from its ideal value for exact holdmg of the reciprocal 
relation between T and the active amylase concentration 
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It IS readily observed that starch solutions prepared from different 
lots of starch, even though the solutions are the same concentration 


TABLE n 


Approximate 
value of Q 

[ 

n 

m 

IV 

v 

4 


0 

242 

0 260 

0 257 

0 230 

0 255 



0 

129 


0 257 ; 

0 248 

0 268 


a 

■ 

186 


0 257 

0 239 

0 262 

2 


0 

501 

0 332 

0 528 

0 50S 

0 544 



0 

S(W 


0 526 

0 495 

0 550 


/3 

0 

503 

0 337 

0 527 

0 502 

0 547 

1 


0 

99 

1 07 

1 21 

! 03 

1 24 



1 

01 


1 14 

1 02 

1 17 



1 

00 


1 18 

1 03 

1 21 

i 


2 

12 

1 95 

2 06 

2 04 

2 13 



2 

04 

1 96 

2 07 

1 9? 

2 19 



2 

08 

1 96 

2 07 

2 02 

2 16 


wM 

0 

948 

0 931 

I 08 

1 00 

1 11 


TABLE m 


Experiment 

a 

0 

y 


I 

0 196 

0 533 

1 06 

2 19 

II 

0 279 

0 326* 

1 11 

2 11 

m 

0 238 

0 486 

1 19* 

1 92 

IV 

0 239 

0 502 


2 02 

V 

0 236 

0 493 

1 03 

1 95 

Mean 

0 238 

0 50* 

1 058 

2 038 

a. d 

0 017 

0 015 


0 090 

A D 

0 008 


0 014 

0 040 

A 

-0 012 

0 OOi 

0 058 

0 038 


• Rejected b> rule of deviation in excess of 4 (a d ) of remaining observations 
from their mean 


by weight, may differ greatly in both viscosity and as media for the 
viscosimetnc estimation of enzyme concentration The following 
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experiments were performed m an attempt to find some basis of com- 
parison of results which might so be obtained 
In the same manner as solutions of different concentrations of the 
standard lot were compared with a 3 per cent dilution, so 3 per cent 
solutions of different lots were compared with this same standard, and 
the appropriate values of ^ estimated, together with p in each instance 
The results so obtained are given m Table IV and the points (p, <f>) 
represented graphically m Text-fig 1 


TABLE IV 


Starch lot 

p 

<> 

I 

1 35 

0 932 

II 

1 41 

0 898 

III 

1 49 

0 863 

IV 

1 56 

0 842 

V 

1 70 

0 800 

VI 

2 SI 

0 582 

VII 

3 47 

j 

0 43 


DISCUSSION 

It is remarkable that the data of Table IV admit of representation of 
(f> SLS a. single valued decreasing function of p by a smooth continuous 
curve as illustrated in Text-fig 1 It is obvious that we should fail to 
obtain equivalent digestions merely by restricting variations m p (e g , 
by taking a concentration of starch such that p = 2 5) For the 
values of for Lots IV and VI at this point would be approximately 
0 8 and 0 6, respectively, whence the ordinary procedure of takmg T 
as the time required for a 20 per cent change m viscosity obviously 
would be more than twice as great in the first than m the second case 
(the shape of the actual digestion curves bemg concave upward as is 
well known) Further mvestigations of other relations between p 
and <f> for different lots of starch are m progress m this laboratory It 
appears that with the standard lot of starch used as the basis of com- 
parison m these studies, that a 3 per cent solution may be used as an 
alternative to the 7 per cent solution previously employed, provided 
the value <^ = 0 842 is substituted for that of ^ = 0 800 Here also, 
further work is being undertaken m order to estimate the relative 
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ments of such systems The limitations to following digestions only 
m duphcate (two viscosimeters) was admitted m certam of these ex 
periments only because of a desire to run four digestions simultane 
ously, and a limitation under then existing circumstances to the simul 
taneous employment of not more than eight viscosimeters In Table 
in two rejections have been made m the usual manner 

smiuARY 

The results of employing different concentrations of starch and 
starch from different lots as substrates m the viscosimetnc estimation 
of amylase concentration have been compared with the object of ul 
timate attamment of reproducible standards, mdependent of succes- 
sive comparison 




A REPRODUCIBLE STANDARD SUBSTRATE IN STARCH- 
AMYLASE VISCOSIMETRY 


By william R. THOMPSON, SARA M McGARVEY and CARL H WEES 
(Crom the Department oj Pathology^ Vale Unnerstty New Haven) 

(Accepted for publication, July 20, 1932) 

A viscosimetnc method of estunatmg enzyme concentration with 
special reference to amylase has been discussed m another communi 
cation' from this laboratory, and, m a later report,' the effects of varia- 
tion in the concentration of starch from the standard lot and variation 
in lot of prepared soluble starch have been contrasted, mdicating that 
only within a small range of variation of p (defined there as the rela 
tive viscosity of the blank with respect to water) may comparabihty 
of digestion rates be expected These experiments were completed 
m June, 1930, but were not published at that time The object was to 
demonstrate some of the difficulties (a subject treated also by Ches- 
ley)’ which may be encountered in attempts to compare results with 
different lots of soluble starch m the hope that some method of ob 
tammg reproducible standard substrate solutions might be suggested 
In the present commumcation we propose to outbne a method of 
approximatmg the 3 per cent starch solution previously suggested as 
a standard' by use of a composite of other lots of soluble starch 

The experimental procedure involved simply the mucmg of soluble 
starch of two original lots (one yielding a more viscous and the other 
a less VISCOUS solution than the standard, if preparation was made in 
standard manner' ') ra such proportion as to give a composite approxi 
mating the standard with respect to the value of p obtained from the 
conventional blank, I part of 0 85 per cent NaCl added to 5 parts by 
volume of a 3 per cent starch solution prepared in the standard manner, 
at 37 SO ±0 03'’C 

' Thompson, W R., Johnson, C E , and Hussey, R. J Gen Physiol 1931-32, 
IB, 1 

' Wies, C H and McGarvej S M / Gen Plosiol , 1932-33 IB, 221 

' Chesicy, L C / Biol Chem , 1931 92, 171 
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In the previous work^ all available lots of soluble starch have been 
enumerated (from I to VII) in the order of increasing values of p 
so obtained, and it so happened that the lot previously chosen as a 
standard^ was No IV, the median with three others on each side 
Thus there were exactly 3X3 = 9 possible combinations of pairs of 
lots in this sequence available for preparation of composites of the 
above mentioned type These were prepared (p approximating the 
ideal value, 1 562) and m each case digestions with the same amylase 
concentration in a composite and a standard lot 3 per cent substrate 
were observed in quadruplicate as previously described^ ^ in order to 
obtain a ratio (R) of the corresponding mean times required for the 

TABLE I 

Relative time for attamment of standard change in viscosity with composite 
starch substrates of the same initial viscosity and total concentration as the stand- 
ard substrate usmg the same proportion of amylase m simultaneous digestions 
with standard and composite 


Relative digestion time for pair composites 


Starch No 


VI 

VII 

III 


0 933 


II 


0 979 


I 

0 951 

0 722 



* a d = 0 041 


standard change m viscosity, So (<l> — 1) The results are given in 
Table I, that for the composite (III, V) being the mean of four inde- 
pendent observations (ad = 0 041) Four such independent obser- 
vations of comparison in the same manner of two preparations from 
the standard lot of starch (No IV) gave the value, R = 1 013 with 
ad = 0 031 

Apparently, the values of R obtained do not differ significantly from 
the ideal value of unity except in the three cases m the lower right part 
of the table consisting of the extreme and near extreme mixtures (I, 
VII, I, VI, and II, VII) Thus from two original lots of soluble starch 
prepared in as nearly as practicable the same manner as the standard 
lot but givmg in the blank (prepared m standard manner) a higher and 
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a lower value of p, respectively, we can prepare a composite giving to 
close approximation (say within 0005) the standard value of p = 
1 562 m the blank and use this composite in place of the standard lot 
provided that the original values of p are withm the mdicated accept- 
able ranges (1 41 to 1 562 and 1 562 to 2 51) Then the digestion 
data obtained with such a composite may be expected to compare 
favorably with similar data obtamed with the standard lot, IV Ac 
cordingly, we have at least a crudely reproducible standard (mdepend 
ent of successive companson) which may be used to furnish a com 
mon basis of companson of results obtamed in different laboratones, 
which has been lackmg Suggestions m this regard made by other 
wnters have been shown to be not nearly as satisfactory m the work of 
the previous report as well as in compansons made by Chesley ‘ 




SIMILAiaTY OF THE KINETICS OF INVERTASE ACTION IN 
VIVO AND IN VITRO II 

By B G AVILKES akd ELIZABETH T PALMER 
{From the Dcpartmmt of Chemistry^ Columbia Vmversily, Neat York) 

(Accepted for pubhcation August 9, 1932) 

Although very exhausbve studies have been made of the kinetics 
of the action of enz3Tnes tn otlro, by the use of active cell extracts, 
there has been senous doubt as to whether these results give a true 
picture of the manner in which the enzyme accomplishes its physiolog 
ical function, « c , its activity in vivo This doubt has recently been 
expressed m the opinion of Lmderstrffm Lang and Holter (1) that “it 
is actually only m the study of the action of typical secretion enzymes, 
outside of cells, that experiments tn vitro may be considered with any 
certainty to reproduce the processes taking place m the organism ’’ 
That this IS a somewhat pessimistic viewpomt has been shown by 
recent work of the authors (2), m which they were able to demonstrate 
that the course of hydrolysis of sucrose by mvertase, a typically mtra 
cellular enzyme, could be followed with equal precision irrespective 
of whether the enzyme was still m the living cells or whether it had 
been extracted by means of autolysis Furthermore, it was found 
that the inversion of sucrose when caused by the physiological action 
of the livmg cells followed a course identical with that obtained when 
inversion was caused by action of cell free solutions of the enzyme 
Inasmuch as this identity indicates that the kinetics of a smgle 
reaction, namely, the hydrolysis of sucrose, may be quantitatively 
measured tn vtvo despite the complexity of the protoplasmic environ 
ment, it was decided to investigate m the hving cells certain other 
kinetic relationships which have previously been shown to character 
ize the behavior of mvertase solutions Possibly the most widely 
applicable kinetic relationship in the study of enzymes is the depend 
ence of their reaction veloaty on the pH of their reaction medium 
Michaehs and coworkers (3, 4) have found that the curve obtained 
when the relative velocities of enzymic h> drolj sis of sucrose are plotted 
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against the pH values at which the velocities were measured, resembled 
a typical dissociation-residue curve In subsequent years this phe- 
nomenon has appeared to be characteristic of enzymes in general and 
has been a means of demonstrating the different optimal pH zones of 
various enzymes 

Because of the lack of definite information about the conditions of 
hydrogen ion concentration and buffering power existing in the living 
cell any interpretation of the pH-activity relationships of an mtracel- 
lular enzyme must be made by comparison with the relationships 
found when an enzyme solution extracted from the same organism is 
used The necessity for using a method of comparison for interpret- 
mg the physiological activity of an intracellular enzyme is shown by 
Quastel’s (5) criticism of the work of Mann and Woolf (6) in which 
they investigated the effect of the changes of salt and of hydrogen ion 
concentration upon the activity of fumarase m the cells of B colt 
His objections to any interpretation of their results is based upon their 
inability to obtain an active solution of fumarase with which to com- 
pare their results obtained in vivo Since yeast mvertase can be ob- 
tained in the form of a fairly stable solution it lends itself admirably 
to this kind of comparative study 

The present paper presents a comparison of the pH activity rela- 
tionships of yeast mvertase as evidenced by the living cells and by the 
enzyme extracted from them by autolysis 

EXPERIMENTAL 

Hydrolysis of Sucrose by Invertase Solution at Vanous pH Values 

The invertase preparation used was prepared by autolyzing Saccharomyces 
ccrmsiac with toluene and water The invertase was precipitated from the autoly- 
sate in 50 per cent ethyl alcohol and extracted from this precipitate with water 
In determining the velocities of hydrolysis, 25 cc of the enzjone solution were 
pipetted into 100 cc of 12 5 per cent sucrose solution contammg 0 05 ii citrate 
buffer at the desired pH and at 25° ± 0 01°C At recorded time intervals 25 cc 
samples of the hydrolyzmg solution were removed and to each sample was added 
a drop of sodium hydroxide solution of sufiScient strength to raise the pH to 8-9 
at uhich pH hydrob^is ceases After allowmg tune for mutarotation to occur 
the samples were polarized at 25°C m a 2 dm tube usmg a mercury arc light of 
nave length 546 Ifiy. The pH of the vanous hj^drolyzing solutions was deter- 
mined electrometncall} bi" the use of the hj drogen electrode 

The data from the experiments m which mvertase solutions were 
used are presented m Table I 



TABLE I 


Vanaiton of Hydrolytic Actmly of Imcrlase Solutions vnth pH 


pH 

AT* 

Rotation 

A Rotation 

Chann 
per nil 
(mean value) 

RecaloiUted 
veloa tyt 

Relative 

veloaty 


fntn 

degreet 


degrees 


per eeni 

2 71 

0 

IS 31 






10 

14 80 

0 51 





20 

14 31 

1 00 

0 0S05 

0 0533 

90 0 

3 19 

0 

15 31 






10 

14 79 

0 52 





20 

14 21 

1 10 

0 0535 

0 0564 

95 3 

3 74 

0 

15 17 






10 

14 61 

0 56 





20 

14 06 

1 11 

0 0558 

0 0589 

99 5 

4 08 

0 

IS 20 


1 




10 

14 65 

0 55 

1 




20 

14 06 

1 14 

0 0560 

0 0591 

99 8 

4 67 

0 

IS 13 






10 

14 59 

0 54 





20 

14 04 

1 09 

0 0543 

0 0573 

96 8 

5 01 

0 

IS 23 

i 




1 

10 

14 66 

0 57 





20 

14 09 ' 

1 14 

0 0570 

— 

96 3 

S 69 

0 

14 66 






10 

14 14 

0 52 





20 

13 65 

1 01 

0 0513 

— 

86 7 

6 04 

0 

15 42 






10 

14 96 

0 46 





20 

14 48 

0 94 

0 0465 

— 

78 5 

6 44 ! 

0 

IS 42 






10 

15 01 

0 41 





20 

14 61 

0 81 

0 0105 


68 9 

7 05 

0 

IS 49 

i 





10 

15 22 

0 27 





20 

14 96 

0 53 

0 026S 


45 3 

7 44 

0 

IS 51 






10 

1 15 36 

0 15 





20 

15 21 

0 30 

0 0150 

— 

25 3 


* The initial samples were taken 3 minutes after the start of the hjdrolyscs 
An exception was the case of the h>(lro!>'Sis at pH 5 69 where the initial sample 
was taken 13 minutes after the start of the hydrolysis 

t Since the hydrolyses were divided between 2 successive days and a fresh 
cnzjTne solution was used the 2nd day, it was necessary to recalculate the veloa 
ties from pH 2 71-4 67 to the basis of the remammg hj droh-ses 
Recalculated vcloatj «= observed veloaly X i 055 
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Hydrolysis of Siiaose by Living Cells of S Cerevisiae at Various pH 

Values 

In these h 3 ^drol)'ses a water suspension was made of washed, pressed yeast 
25 cc of this suspension were pipetted into 100 cc of 12 5 per cent sucrose solution 
contaming 0 05 m citrate buffer at the desired pH The hydrolyzmg mixtures 
were shaken contmuously m a thermostat at 25° ± 0 01°C 25 cc samples were 

removed and mversion stopped as described above and were immediately filtered 
by suction through porous bottom Gooch crucibles which completely removed the 
cells The filtrates were polarized as m the preceding method The pH values 
of the reaction media were determmed as above on samples removed and filtered 
cell-free at times midway between the takmg of the two samples for polarization 

These data are given m Table II, a and h 

The results of two series of experiments in which living cells were 
used are included because prelimmary work showed that it was best 
to use one-sample hydrolyses It was found that on the alkaline side 
of the optimum, as the hydrolyses progressed beyond the time of tak- 
ing the second sample, fermentation became a comphcatmg factor and 
the pH of the hydrolyzing mixtures dropped toward the optimum 
while in the most acid hydrolyses the pH of the mixture was found to 
increase slightly 

For the purpose of determining whether or not there was any death 
of cells due to the extreme variation of pH to which they were sub- 
jected, It was necessary to use an independent experiment, since the 
hydrolyses were not performed under known sterile conditions The 
pH of 3 aliquot portions of a yeast suspension was adjusted to 2 60, 
4 83, and 7 25 in the presence of 0 05 m citrate buffer After standing 
1 hour 1 cc of each of these suspensions was diluted one million times 
and 1 cc samples of these diluted suspensions were plated out on Petri 
dishes in a sucrose-malt-agar medium at pH 4 70 Smce after mcu- 
bation at room temperature for 48 hours the colony counts, made of 
the three groups of plates, did not differ by more than 4 per cent, the 
contention that exposure of the yeast cells to the conditions of hydro- 
gen ion concentration used in these experiments causes no appreciable 
mortality is justified The general technique used in this experiment 
was the one advocated by the American Pubhc Health Association in 
the 1925 edition of Standard methods of water analysis 

In order that the data in Tables I and II may be compared, all 



B G ^VILKES AND ELIZABETH T PALMER 


237 


TABLE n, a 


Vartaiion of Hydrolytxc AcltvUy of Yeast Suspensions with pH 


pH 

AT* 

Rotation 

A Rotation 

Chan{;e 
per mio 

Relative 

veloaly 


tntn 

detrui 


dtirets 

per cent 

2 65 

0 

15 34 





IS 

14 77 

0 57 

0 0380 

84 4 

3 21 

0 

IS 32 





IS 

14 70 

0 62 

0 0413 

91 8 

3 69 

0 

IS 20 





IS 

14 55 

0 65 

0 0133 

96 2 

4 12 

0 

15 18 





15 

14 51 

0 67 

0 0447 

99 3 

4 67 

0 

15 13 





15 

14 46 

0 67 

0 0447 

99 3 

4 99 

0 

15 19 





15 

14 54 

0 65 

0 0433 

96 2 

5 63 

0 

IS 11 





15 

14 50 

0 61 


90 4 

6 04 

0 

15 36 





IS 

14 81 

0 55 

0 0367 

81 6 

6 43 

0 

15 33 





15 

14 86 

0 47 

0 0313 

69 6 

7 00 

0 

15 48 





15 

15 16 

0 32 

0 0213 

47 3 

7 26 

0 

15 49 





IS 

15 23 

0 26 

0 0173 

38 4 
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TABLE n, h 


pH 

AT* 

Rotation 

f 

A Rotation 

Chan§:e 
per min 

Recalculated 

velocity! 

Relative 

velocity 


tntn 

degrees 


degrees 


fer cent 

2 65 

0 

15 36 






15 

14 83 

0 53 

1 

0 0353 

0 0402 

85 2 

3 14 

0 

15 31 






15 

14 75 

1 

0 56 

0 0373 

0 0424 

89 8 

3 75 

0 

15 21 






15 

! 14 61 

1 

0 60 

0 0400 

0 0455 

96 4 

4 07 

0 

1 

15 22 






15 

14 60 

0 62 

0 0413 

0 0470 

99 6 

4 65 

* 0 

15 24 






15 

14 62 

0 62 

0 0413 

0 0470 

99 6 

5 00 

0 

15 27 






20 

14 36 

0 91 

0 0455 

— 

96 4 

5 67 

0 

15 20 



1 



15 

14 55 

0 65 

0 0433 

' — 

' 91 7 

6 02 

0 

15 43 






15 

14 81 

0 62 

0 0413 

1 

87 5 

6 45 

0 

15 42 






15 

14 89 

1 

0 53 

0 0353 

— 

74 8 

6 93 

0 

15 50 






15 

15 13 

0 37 

0 0247 

— 

52 3 

7 22 

0 

15 51 






15 

IS 27 

0 24 

0 0160 

— 

33 9 


* The initial samples were taken 5 mmutes after the start of the hydrolysis 

f See footnote at end of Table I 

Recalculated veloaty = observed veloaty X 1 138 
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veloaties have been computed as fractions of the maximum veloaty 
in each senes of hydrol)rses and these fractional or relative velocities 
are plotted against pH m Fig 1 From this graph it can readily be 



seen that the pH dependence of mvertase in livmg cells is practically 
the same as that formerly observed with the enzyme solution extracted 
from the cells and that the aad dissoaation constant of the enzyme, 
which IS equal to the hydrogen ion concentration at half the maximum 
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velocity, IS identical in the two cases The value of this constant is 
found by inspection of Fig 1 to be 10~® for this strain of S cerevistae 

DISCUSSION 

An intracellular enzyme is one which is not secreted from the live 
cell in which it is produced into the medium surrounding it, that is, 
it displays its activity inside the live cell It is the general opinion 
(7, 8) of workers m this field that invertase is an intracellular enzyme 
To say that an enzyme is intracellular does not accurately enough de- 
fine the region in which it works physiologically If we think of a 
yeast cell as conforming to the following accepted morphological 
ideas, that is, that it consists of a central fluid, the cell sap, surrounded 
by a cytoplasmic layer of high protein content and bound externally 
by a cellulosic cell wall, we define at least four distinct regions in 
which the enzyme may act in the cell sap, in the c 3 rtoplasmic layer, 
on the external surface of the cytoplasm, or on the surfaces of the cell 
wall 

Small (9), m his recent complete compilation of data pertaining to 
the role of hydrogen ion concentration m plant cells, contends that the 
pH of the cytoplasm lies between 5 2 and 6 2 with little or no variation 
beyond these limits in the living state Because of its high protein 
content it is an efficient buffer, and can exist in the live state in con- 
tact with solutions ranging m pH from 2 to 10 The cell sap, a much 
less efficient bufi'er, would constantly be much more acid than the 
cytoplasm because of constant metabolic acid production On this 
basis Small postulates that enzymes which exhibit maximum activity 
at a pH lower than 5 2, including invertase, are secreted from the cyto- 
plasm into the cell sap, while those whose pH optima he between 5 2 
and 6 2 act in the cytoplasm itself In contrast to this hypothesis, 
Haldane (10) says, “the yeast cell contains enzymes with pH optima 
varying from pH 4 6 to about 8 and most of them must work at a 
non-op timal pH ” These differing views, because of lack of direct 
experimental evidence, are purely speculative In view of the limited 
knowledge of the general internal environmental conditions and ac- 
tmty of cells, we shall refrain from making any definite claim as to 
the region in which sucroclastic activity is displayed However, the 
results of the present investigation show that the invertase in living 
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yeast cells, in whatever region it maybe, is as freely exposed to changes 
in hydrogen ion concentration of the external environment as is the 
enzyme after extraction from the cells Because of the immediate 
response of the mtracellular mvertase to changmg hydrogen ion con- 
centration, the suggestion is made that this enzyme may function 
only in the outer regions of the cell, possibly, m view of the protein 
like nature of mvertase, at the external surface of the cytoplasm 

Another observation may be made with regard to Weidenhagen's 
(11) new theory of the specificity of carbohydrase action This theory 
postulates that a glucosidase, e g maltase, hydrolyzes sucrose at pH 
6 9 with about the same velocity with which it hydrolyzes maltose 
at the same pH Smce the yeast used m the present investigation 
contained considerable maltase, while the mvertase solution contained 
none, one would have expected, on the basis of Weidenhagen’s theory, 
to obtam a distorted pH activity curve between pH 6 and 7 5 when 
the hve cells were used due to the mcreasing sucroclastic activity of 
the maltase However, the coincidence of the two experimental 
curves throughout this range of pH mdicates that there was no per- 
ceptible hydrolysis of sucrose by maltase 

SUMMARY 

1 The pH activity relationship of mvertase has been studied in 
VIVO and in vilro under identical external environmental conditions 

2 The effect of changmg (H+) upon the sucroclastic activity of 
living cells of 5 cerevisiae and of mvertase solutions obtained there 
from has been found, within experimental error, to be identical 

3 The region of livmg yeast cells in which mvertase exerts its phys 
lological activity changes its pH freely and to the same extent as that 
of the suspendmg medium It is suggested that this may indicate 
that this mtracellular enzyme may perform its work somewhere m 
the outer region of the cell 

4 In usmg live cells contaimng maltase, no evidence of increased 
sucroclastic activity around pH 6 9, due to the action of Weidenhagen’s 
a glucosidase (maltase), was found 
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{From the Department of Bacteriology and Hygiene St Louts University School of 
ifcdtctne St Louis) 

(Accepted for publication June 2S, 1932) 

In a preliminary report (1) we have given a method by which 
immune serum can be prepared m dry form by precipitation at room 
temperature with acetone followed by ether extraction Since the 
ivork of Mellanby reported m 1907 (2), it appears to have been ac- 
cepted that precipitation of serum protems by ethyl alcohol or acetone 
at a temperature above W'C results in varying degrees of denatura 
tion of the serum proteins Mellanby found that when precipitation 
IS earned out at temperatures below 14°C the precipitate is com- 
pletely resoluble He designated this temperature the critical tem 
perature In addition to bemg a dividing point between denaturation 
and no alteration of solubility of the protems, it was also the pomt of 
minimum precipitation, any concentration of alcohol exerting least 
precipitating effect at this temperature Mellanby (3) later (1908) 
extended his work to diphtheria antitoxin and found antitoxic value 
w as not affected by alcohol as long as no coagulation occurred Felton 
(4) recently reported similar findings Later work hy Hardy and 
Gardiner (S) and Hartley (6) has shown that the destructive effect of 
alcohol and acetone upon antibodies is related to the denaturation 
of the serum proteins From the work of hlellanby these later 
workers devised methods by which serum proteins could be precipi 
tated in the cold and subsequently extracted with ether, dned, and a 
pon der obtamed This matenal was completely soluble and possessed 
Its original antibody activity excepting that preapitating action on 
specific antigen was diminished or lost (6) These workers haxe 
attributed lack of denaturation to the low temperature 
243 
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Mellanby did not report the effect of ethyl alcohol in concentra- 
tions above 75 per cent The effect of temperature, hydrogen ion 
concentration, and of time in these higher concentrations has appar- 
ently not been reported As we have previously noted (1) there exists 
a critical concentration of the organic solvents, ethyl alcohol, and ace- 
tone in the zone of 70 to 75 per cent concentration at which the coagu- 
lating effect IS maximal As the concentration is increased from this 
point there is progressively less coagulation until at concentrations 
exceeding about 87 per cent precipitation can be accomplished at room 
temperature and yet the proteins remain completely resoluble The 
following report deals with our studies of this phenomenon and its 
relationship to known facts concerning the action of organic solvents 
upon serum proteins and antibodies 

Relation of Concentration of Organic Solvents to Precipitation of Set uni 
Proteins and Resolubility of the Precipitate 

In order to determine the role of concentration of the organic sol- 
vents studied, two general methods have been employed In the 
first of these methods, the organic solvent in increasing quantities was 
added to a constant volume of a given dilution of serum This gave 
mcreasing percentage concentration of the solvent but since the volume 
increased also the serum concentration became progressively less 
The results of one such experiment are shown in Fig 1 Working at 
room temperature (22°C ) horse serum was diluted 1 5 with 0 85 per 
cent NaCl solution and 0 5 cc added to each of eleven tubes Ab- 
solute ethyl alcohol was then added quickly followed by immediate 
shaking The precipitate was approximated after 5 minutes, all 
tubes were then centrifuged, and the supernatant decanted The 
solubility of the precipitates was approximated by adding 2 cc of 
saline to each tube followed by immediate shakmg 

It will be noted that precipitation was complete m concentrations of 
60 per cent^ or above and that precipitates formed between 60 to 70 
per cent concentration was least soluble while precipitates formed in 
the presence of greater than 87 per cent alcohol were completely 
resoluble The agglutinin loss, when agglutinating serum was em- 
ployed, approximately paralleled the loss in solubility 

^ All reference to concentration used in this report refers to final concentration 
of the organic solvent in the mixture 
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Sufficient alcohol was added to each of the decanted supernatants to 
bring the total volume to 5 0 cc The precipitates were centrifuged 
down and the solubility detenmned as before It was noted that the 
protems not precipitated by lower concentrations of alcohol are com- 
pletely resoluble after precipitation m the presence of 90 per cent 
alcohol 

Certain precautions are necessary m order to thus demonstrate the 
r61e of concentration upon precipitation and resolubihty Even very 
bnef exposure of the serum to the action of 60 to 70 per cent alcohol 
at room temperature results m considerable loss m solubility There 
fore when precipitation is accomphshed m high concentrations of 
Par cent 



Fig 1 Alcohol concentration and preapitation and resolubihty of serum pro 
terns Serum diluted 1 5 plus mcreasmg amounts of alcohol Temperature 
22 C Duration of exposure 5 mmutes 

alcohol the mixing must be instantaneous Slowly raising the con 
centration through 60 to 70 per cent up to 90 per cent results m some 
loss in solubihty Furthermore, the solubihty of precipitates formed 
m 75 per cent alcohol is not enhanced by subsequent extraction with 
95 per cent absolute alcohol Similarly if precipitation is accom 
phshed in 90 per cent alcohol and the concentration lowered to 70 
per cent by adding water there is a loss in solubihty, the resulting pre 
apitate bemg equally as insoluble as if precipitation had been ac 
comphshed m 70 per cent alcohol Hence in determining solubility 
of the preapitate immediate shaking is necessary If saline is care 
fully added to the preapitate of a tube containing 90 per cent alcohol. 
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and allowed to stand for 30 minutes the precipitate does not dissolve 
and upon subsequent shaking the solution is incomplete If shaken im- 
mediately after the addition of the saline the precipitate completely 
dissolves 

The second general method that has been used for determining the 
role of the concentration of the organic solvent was to employ constant 
volumes of solvent-water mixture to give the desired concentration of 
solvent after the addition of serum By this method all factors could 
be kept constant and the effect of varying concentration of the organic 
solvent more accurately determined For example 0 25 cc of serum 
was added to 4 75 cc of alcohol-water mixtures of such proportions 
that the final alcohol concentration was 10, 20, 30, etc , per cent 
The results by this method were essentially the same as in the experi- 
ments discussed above As will be shown below some variation in the 
degree of precipitation by any given alcohol or acetone concentration 
IS introduced by varying the concentration of the serum All sub- 
sequent results are on determinations made employing constant vol- 
umes and constant serum concentration for any one set-up 

By either method ethyl, methyl, and propyl alcohols gave prac- 
tically the same results Acetone in general was found to be a slightly 
better precipitating agent and at the same time the precipitates formed 
were slightly more soluble The critical concentration, or point of 
greatest loss of solubility was in the same range with all four solvents 

Role of Temper akire and. Duration of Exposure upon Precipitation and 
Rcsolubihty of the Precipitate 

Mellanby (2) has shown that up to 70 per cent concentration of 
ethyl alcohol the precipitating effect and coagulating effect of ethyl 
alcohol increases rapidly during the first few minutes of exposure and 
more slowly as the duration is prolonged At all temperatures he 
reports having investigated, complete precipitation occurred imme- 
diately in 70 per cent alcohol 

The influence of duration of exposure to 95 per cent ethyl alcohol 
at various temperatures upon the resolubility of the precipitate is 
shown in Table I These results were obtained by adding 0 25 cc 
of beef serum to 4 75 cc of absolute ethyl alcohol, both components 
being at the temperatures indicated before mixing 
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The duration of exposure was the time elapsmg after mixing before 
centrifuging so that the actual time elapsing between mixmg and dilu 
tion with water to determine solubihty was m each case about 4 mm- 
utes more than the figures would indicate All determinations were 
centnfuged at room temperature, and solubihty determmed by addmg 
to each tube 2 5 cc of distdled water followed by immediate shaking 
The results mdicate that there is no loss m solubility following 
precipitation by and exposure to 95 per cent alcohol for 24 hours at 


TABLE I 

Injluaicc of Dnralton of Exposures to 95 Per Cent Alcohol at Vanous Temperatures 
upon ResoluhUty of the Precipitated Serum Protein 


Duratioa of 


Temperature 



5 C 

25 C 

35 C 

50 C 

1 mm 

Cs 

Cs 

Cs 

Ps. 

Ca 75 per cent 

10 mm 

Cs 

Cs 

Cs 

Ps 

60 mm 

Cs 

Cs 

Slight precipi 

Ps 

4 hrs 

Cs. 

Cs 

tateleft 

More prccjpi 

Ps 

24 hrs 

Cs 

Very sbght floccu 

tate lett 

More precipi 

Ps 


i 

lent preapitate 
uodissoUed j 

tatc left 

Ca 25 per cent 


C s « completely soluble 
P s = partially soluble 


5°C There is beginning loss in solubility in 24 hours at 25°C , in 
60 minutes at 35°C , and immediately at 50°C 
The effect of temperature on precipitation and resolubihty at vanous 
alcohol concentrations is shown graphically in Fig 2 Agam 0 25 
cc of beef serum was added to 4 75 cc of alcohol water mixture in 
such proportions that the final alcohol concentration ^as 10, 20, 30, 
etc , per cent up to 95 per cent All components were brought to the 
desired temperature before mixing After 30 minutes the degree of 
preapitation was approximated, the tubes centnfuged, and the solu 
bihty of the precipitates determined in each case in 2 5 cc of distilled 
water The 5'’C determinations were earned out in their cntireU in 
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the cold room at 5°C The shaded area indicates the approximate 
amount of the precipitated material that was resoluble 

On the first graph (upper left) is given the comparative precipita- 
tions at 5°, 22°, 37°, and 50°C together with the resolubility of the 
50°C precipitate It will be seen that precipitation occurs in defi- 
nitely lower concentrations of alcohol at 5°C the precipitating effec- 
tiveness decreasing as the temperature is raised The difference 


Fev cent 



Alcohol 


Fig 2 Effect of temperature on precipitation and resolubility Alcohol and 
beef serum 

between the three higher temperatures is not so pronounced but 
nevertheless is present This is contrary to the findings of Mellanby 
(2) who found minunum precipitating effect occurred at 14°C and 
that precipitatmg effect increased as the temperature was increased 
The graphs show clearly the effect of temperature upon resolubility 
At 5°C precipitation is greatest and the precipitate produced by all 
concentrations of alcohol were soluble There ivas definite loss in 
solubility in concentrations up to 95 per cent at 37°C and 50 C 
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The difference in the 20°C curves here shown and that in Tig 1 
IS attributed to the difference in the concentration of the serum pro- 
teins m the two cases and the duration of exposures As previously 
stated the precipitatmg effectiveness of these solvents mcreases with 
mcreasmg concentration of the serum proteins and with increasing 
duration of exposure 

These same experiments have all been repeated using acetone in 
place of ethyl alcohol with essentially the same results Slight diffet- 
ences were encountered due to the fact that acetone is a slightly 
better precipitating agent and also the acetone precipitates tend to 
be a little more soluble The general phenomena, however, appear 
to be the same m the two cases 

RSle of Hydrogen Ion Concentraiton upon Prccipitaiton and Resoluhltty 
of the Prectptlate 

In the precedmg experiments the hydrogen ion concentration of the 
serum has not been changed Mellanby (2) observed that slight acidi- 
fication of serum rendered it more readily precipitated by alcohol, 
while greater acidification decreased precipitation It is generally 
stated that alcohol precipitation is inhibited by acids and alkalies 
In Fig 3 IS given a comparison of precipitation and resolubihty of 
the precipitate by various alcohol concentrations at pH 6 0 and 7 5 
Precipitation at pH 6 0 is as good in 20 per cent as in 40 per cent alcohol 
at pH 7 S The precipitates show httle variation m solubility, both 
bemg completely soluble where precipitation occurred in concen- 
trations of alcohol exceeding 87 per cent 
The effect of pH upon precipitation is more clearly shown in Fig 4 
in which pH is plotted as abscissa against per cent of proteins present 
which are precipitated as ordinates The results for both ethyl 
alcohol and acetone, each at various concentrations, are shown A 
sample of serum was adjusted to each of the desired pH values and 
then an equal portion of 0 25 cc added to a series of tubes each con 
taming 4 75 cc of organic solvents so diluted that the final concen- 
trations would range from 10 to 95 per cent The results were read 
on a basis of the approximate per cent of proteins precipitated after 30 
minutes The precipitates were then thrown down by centrifuging 
and the solubihties determined m 2 5 cc of distilled water 
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It Will be seen from the curves that maximum precipitation occurs 
in the range of pH 5 0 to 6 0 Ethyl alcohol caused no precipitation 
in any concentration at pH 4 2 and only slight precipitation in high 


Percent PH« 



Pep cent 0 20 40 60 80 100 0 20 40 60 60 100 


Alcohol 

Fig 3 Comparison of precipitation of serum protein at pH 6 0 and 7 5 Re- 
solubility of precipitate 

Ethyl alcohol Acetone 



Fig 4 Relation of pH and preapitation of serum protems by ethyl alcohol and 
acetone 

alcohol concentrations in the more acid range As the alkalinity 
increases beyond pH 6 0 the amount of precipitation decreases, 
there being no precipitate in concentrations of less than 70 per cent 
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beyond pH 9 0 As the concentration of alcohol is increased the pH 
range through which precipitation occurs becomes broadened 
The same features are found in acetone precipitation, except that 
acetone is a more active preapitatmg agent and espeaally in the aad 
range precipitation is more complete In lower concentration of 
acetone (c g , 30 to 50 per cent) the zone of maximum precipitation is 
the same as for ethyl alcohol 

The solubilities of the precipitates are not shown in the figure The 
zone of maxunum loss of solubihty (critical concentration) is evident 
regardless of the pH but in general the solubility of the precipitates 
produced by high concentrations of these solvents becomes progres 
sively less with changes m hydrogen ion concentration either way from 
pH 6 0 

In the above experiments the serum was adjusted to a specified pH 
prior to adding the alcohol or acetone Quite different results are 
obtained if the acid or alkali is added to the organic solvent and the 
unadjusted serum added There is uniformly more precipitate pro 
duced under the latter conditions Furthermore, the precipitate is 
less soluble If unadjusted serum is added to the alcohol or acetone 
and then acid or alkali is added to the muxture there is partial resolu- 
tion of the precipitate, the end result bemg almost identical with results 
obtained when the solvent is acidulated or alkalinized prior to the 
addition of the serum 

Effect of the Concentration of the Scrum upon Precipitation of Serum 
Proteins by Organic Solvents 

It was indicated above that the serum concentration very materially 
alters the alcohol precipitation curve With increasing concentre 
tions of serum a lower concentration of alcohol has been found neces 
sary to yield a given percentage of the protems precipitated 
This phenomenon has been studied in its relation to precipitation of 
serum proteins by acetone at 5°C Felton (4) has suggested that some 
fractionation of serum proteins by precipitation with acetone in the 
cold IS possible The r61e of serum concentration in such fractiona- 
tion has been investigated with the results given m Table H 
In each of these expenments the serum was added in the desired 
ddutions to a test tube and acetone added to give the indicated final 
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concentrations The results are given m terms of approximate per- 
centage of the total proteins present that are precipitated assuming 8 
plus to be complete precipitation The plus signs therefore do not 
mdicate the absolute amoimt of precipitate 4 plus precipitation 
almost quantitatively separates the globulins and albumms, the globu- 
1ms bemg precipitated It is seen that this is accomplished m 33 per 
cent, 36 per cent, 40-45 per cent, and 50 per cent in serum undiluted, 
diluted 1 2, 1 5, and 1 10 respectively 
In these lower concentrations of the organic solvents, then, the con- 
centration of the serum plays an important role m determinmg the 
proportion of the total protems present that will be precipitated 
Apparently the same phenomenon occurs m the case of ethyl alcohol 


TABLE n 

Influence of Concenlrahon oj Serum on Prectptlatton by Acetone at 5°C 
(Complete preapitation of protem denoted by 8 plus) 


Serum dilution 

Acetone 

25 

per cent 

30 

per cent 

33 

percent 

36 

per cent 

40 

per cent 

45 

per cent 

50 

per cent 

Undiluted 

-b 

1 

2+ 

4-h 

6+ 

7+ 

— 


Dilution 1 2 

+ 


3+ 

4+ 

6-h 

— 


Dilution 1 5 

=b 

-b± 

— 

3+ 

4+ 

4+ 

6-f- 

Dilution 1 10 

? 

it 

-h 

1 — 

2-h 

3-f 

4-1- 


Effect of Extraction of Dried Immune Seiuin by Various Reagents 

Rabbit B coli immune serum m 0 25 cc portions was precipitated m 
4 75 cc of absolute alcohol, extracted with alcohol followed by three 
washmgs with ether, and the resultmg precipitate dried at 37°C 
These samples of dned serum were used to determme the effect of 
various orgamc substances upon first, the subsequent solubihty of the 
serum protems m water, and second, the effect upon the agglutinin 
titer The substance being tested was added directly to the tube con- 
tammg the dned serum followed by sufiScient shakmg to thoroughly 
mix and allowed to stand m most cases for 1 hour The serum con- 
stituents were then centrifuged down, the supernatant poured off, and 
the residual orgamc extractant then extracted from the protein mass 
by two washmgs with ether The precipitate was finally dried at 
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37°C to drive off the ether and the preapitate suspended in 2 5 cc 
of saline The agglutinin titer of the dissolved or partially dissolved 
material was then detennmed 

The foUowmg substances were employed with the results given 

1 Am>l alcohol — does not extract antibodies or render proteins insoluble 

2 Chloroform — definite decrease m agglutimn bter and some loss m solubilit> 
No agglutmm activity demonstrable in residue of chloroform extract after evapora 
tion to dryness 

3 Pyndine — no antibody decrease and no loss m solubihty 

4 Ethylene dichlonde — no antibody decrease and no loss in solubilit> 

5 Benzene — no antibody decrease and no loss m soIubiht> 

6 Ethyl acetate — no antibody decrease and no loss m solubilitj 

7 Ethylene glycol — no antibody decrease and no loss m solubilitv 

8 Anilme — does not extract agglutmms causes some decrease in solubilit> 
and agglutmatmg activity 

9 Glycermc — proteins completely soluble No loss m anUbody activit> 
Precipitated from gl>cenne solutions b> alcohol m almost the same alcohol con 
centrations as from watery solutions 

Effect of Alcohol Precipitation and Ether Drying upon the Antibody 
Titers of Immune Sera 

To each of twelve small test tubes was added 0 2 cc of rabbit B colt immune 
serum followed m each case by 5 cc of 95 per cent ethjl alcohol The heav> 
flocculent preapitates were each washed with 5 cc of 95 per cent alcohol 5 cc of 
alcohol-ether 1 1 and finally two tunes with ether The final preapitate was 
dried for 1 hour at 37 C 

The tubes of dr> powder were stoppered with cotton plugs Tubes in 
elusive were placed m the meubator {37®C ) Tubes 7 and 8 were left at room tern 
perature Tubes 9-12 mclusive were placed at 5®C Tubes 5 and 6 were heated 
to 165 C for 1 hour 2cc of salme were then added to each of the latter two tubes 
There was only shght solution and complete loss of agglutinating activity 

After 1 week, mcubation 2 cc of salme were added to each of Tubes 1 7, and 9 
There was complete solution m each case The agglutinin titers of each redis 
solved precipitate was compared with untreated serum which had been kept at 
5 C The agglutmm titers were the same in each case 

After 6 months 2 cc of sahne were added to each of Tubes 4 8, 11 Solution 
was not complete m Tubes 4 and 8 (37*C and room temperature respectively) 
there remaming a shght flocculent precipitate m each The solution of Prccipi 
tate 11 w'as equally as active as the untreated serum kept at the same (SC) 
temperature There was approximately a 15 per cent reduction m the agglutmat 
mg activity m 8 and 25 per cent m Tube 4 



254 


ORGANIC SOLVENTS AND IMMUNE SERA 


After 11 months Tubes 3 and 12 were similarly tested Precipitate 12 was 
completely soluble and had a titer equal to that of the untreated serum The 
precipitate m Tube 3 was mcompletely soluble and there was a loss of approxi- 
mately 50 per cent m agglutmatmg activity 

Thus there was complete retention of solubility and agglutinating 
activity of the dried serum after 11 months when kept at 5°C At 
higher temperatures there was a loss m solubility and agglutinating 
activity It should be noted that the conditions to which these dried 
preparations were subjected were somewhat extreme No effort was 
made to protect the materials from the air Possibly somewhat less 
loss in solubihty would occur if the material were placed m partially 
evacuated air- tight containers 

The method would seem to offer distinct possibihties as a method for 
preservation of immune sera for routine laboratory tests and possibly 
even therapeutic sera 

In preliminary tests upon hemolytic antisera and antitoxic sera 
there has resulted no loss in solubility or of antibody activity as a 
result of preparation of the dried material as listed above 

Preparation of Immune Sera in a Dry State 

As stated above we have applied the findings reported for the prep- 
aration of antisera in a dry state The method which has been found 
most applicable is as follows 

To 10 or more volumes of acetone add slowly with shakmg 1 volume of serum 
Collect the precipitate on a filter, wash once with acetone followed by three 
washings with anhj’^drous ether, the preapitated mass being stirred with a wooden 
spatula after each ether addition Approximately 5 volumes of ether to each 
onginal volume of serum are required for each washmg The final white mass is 
spread out on the filter paper and placed in the 37°C incubator for about 1 hour 
The resultmg dry mass is readily pulverized with the wooden spatula to an ex- 
tremel> light, white, fluffy powder This pow'der (due to slow wettmg) is slowly 
though completely soluble in distilled water or salme (0 85 per cent NaCl) If the 
acetone washmg is replaced by absolute ethyl alcohol the final product is a little 
more quickl} dissolved 

Absolute eth}! alcohol maj be substituted for acetone as precipitatmg agent in 
the abo\e procedure Also 95 per cent alcohol maj’- be used but 19 volumes of 
alcohol to one of serum are necessarj so the final alcohol concentration does not 
fall below 90 per cent 

It is essential to use anh} drous ether for washmg Washmg wath either u s p 
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or anesthesia ether produces a final product which is granular in nature and slightly 
brown m color It is, however, completelj soluble 

The results reported m Fig 2 and Table I indicate the necessity of 
working at temperatures below 35°C and of carrying out the filtration 
and washing with minimal loss of time We have encountered no loss 
in solubihty or in antibody activity when the dried material is thus 
prepared at room temperature (20-25°C ) and the duration of exposure 
does not exceed 1 hour 


DISCUSSION 

The phenomenon of precipitation of serum proteins in high concen 
tration of orgamc solvents at room temperature has much practical 
and theoretical significance From a practical standpomt it provided 
a rapid and effective method of reducing immune sera to a dry powder 
This simplifies preservation and indications are that it mcreases keep 
mg qualities In addition it opens up a new field of approach to the 
purification and concentration of therapeutic sera 

From a theoretical standpoint it is interestmg that such a critical 
concentration exists There is undoubtedly some relationship be 
tween this coagulation phenomenon and the greater germicidal effect 
of 70 per cent alcohol than 95 per cent alcohol 

The results reported above mdicate that denaturation does not 
necessarily occur at the time of preapitation, smce proteins precip 
itated in 95 per cent alcohol are rendered msoluble by diluting the 
alcohol with water to 70 per cent Furthermore proteins preapitated 
at 5°C m 70 per cent alcohol are resoluble, but if the temperature of 
the precipitate is allowed to rise to 25°C without altermg the alcohol 
concentration a large part of the precipitate becomes insoluble 

SUMMARY AND CONCLUSIONS 

1 In concentrations of 70 to 75 per cent the organic solvents methyl, 
ethyl, and propyl alcohols, and acetone cause complete preapitation 
of serum proteins and produce maximum loss in solubility We ha\ e 
referred to this concentration range as the cntical concentration 

2 As the concentration of the solvents is increased from about 75 
per cent precipitation continues complete but loss m solubihty progres 
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sively decreases until at all concentrations above about 87 per cent the 
precipitates formed at room temperature are completely soluble 

3 The degree of resolubility of the precipitates formed even m these 
high concentrations of the organic solvent decreases as the temperature 
IS raised and as the duration of exposure is increased 

4 At 5°C the precipitates formed in all concentrations of these 
organic solvents are completely resoluble Also these solvents exert 
maximum precipitating effect at lower temperature 

5 Maximum precipitating effect by these organic solvents occurs 
at about pH 6 0 precipitation becoming progressively less as the pH 
value IS altered either way from this point 

6 The more concentrated the serum, the greater the proportion of 
protein present that will be precipitated by any given concentrations 
of organic solvent 

7 A method for preparing dry immune sera has been given Such 
dried sera have been extracted with a number of organic compounds 
without loss in solubility or antibody activity 
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I 

INTRODUCTION 

Hoffman and Gortner (1) recently investigated the acid and base- 
bmding properties of vanous proteins, among them casern In respect 
to the influence of temperature, their conclusion was that at 
35°C much less acid or alkali is bound by the protein than at 25°C , 
while considerably more is bound at 15®C than at 25°C ” 

Contemporary development in the theory of ionization of ampho 
lytes points to the pecuhar significance of the effect of temperature 
We therefore undertook a recalculation of some of Hoffman and Gort- 
ner^s data to bnng their findmgs into conformity with recent advances 
m the theory of ampholytes We believe that our investigation makes 
apparent certam phenomena which are not visible m the conclusions of 
Hoffman and Gortner Furthermore it seems to us that neither the 
experimental error, nor certam suppositions made in the recalculations 
in any way vitiate the qualitative side of the conclusions The 
quantitative side, on an absolute scale, is much less certain We must 
remember the disheartening fact that there exist many casern prepara 
tions and probably two or more caseins, and also that the measure 
ments of Hoffman and Gortner were made in a cell involvmg a liqmd 
junction 

The recalculation itself is somewhat involved and may be subdivided 
into the following steps first, the calculation of the E ir F of the 
half cell used by Hoffman and Gortner (1) at several temperatures, 
secondly, the calculation of the pH of casern solutions with acid or 
base at vanous temperatures, using these \alues, and finally the cal 
257 
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culation of the acid or base bound by casein at various temperatures 
These calculations are described below in detail 

II 

The Calculahon of the EM F of the i 0 n KCl Calomel Half Cell at 

Various Temperatures 

In their measurements Hoffman and Gortner (1) used the cell 
H 2 I unknown | sat KCl ( 1 N KCl, HgCl [ Hg 
They calculated the pH with the help of Schmidt and Hoagland’s tables (2) 
and the amount of acid or base bound by the protems, by a method described in 
detail in their communication They believed that “ no temperature cor- 
rection was necessary m this method of calculation as the h 3 '’drogen ion concentra- 
tion was used only to determine the normahty of the equilibrium solution” (3) 

The hydrogen ion activity of hydrochloric acid is related to the 
E M F ’s observed and to the reference electrode by the fartuhar 
expression 


pH = pTjj,. + pHCl = 


^ ^ ^ observed EM? (^]on,e l 

0 0001984 r 


(I) 


in which pyh*- is the negative logarithm of the hydrogen ion activity 
coefficient and pHCl is the negative logarithm of the normality of 
hydrochloric acid 

In their investigation Hoffman and Gortner (4 Table XX) carried 
numerous measurements with such cells at 15°, 25°, and 35°C , in 
which both the hydrochloric acid solution and the reference electrode 
were kept at the same temperature * 

It IS apparent from Relation I that if the E m f of the calomel half 
cell IS unknown, as it is safe to assume in our case, it could be cal- 
culated, provided the values of pyn* were known, since all other values 
are experimentally given 

There are several determinations of of hydrochloric acid avail- 
able In this calculation we accepted the yh^- as given by Lewis and 
Randall (5) A smooth curve was drawn through these values The t 
for 0 1 N HCl determined by Scatchard as given by Clark (6) agrees 
very well "mth the values given by Lewis and RandaU From this 


^ Pn\"ate commumcation b} Professor Gortner to one of the writers 
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curve the values recorded in Table I, Column (2) have been 
interpolated 

Whether the activity coefficient of individual ions can be actually 
detennmed, is a somewhat debatable question But, as we shall see 
presently, in the companson of the properties of casein at vanous 
temperatures 7 h+ is mvolved as a constant Therefore its exact 
value IS immaterial This conclusion follows from the following 


TABLE I 


The C hi F of 1 0 N KCl Calomel Ilatf Celt ai 1 onotts Temperatures 


HCJ 

oonn&IIty 


of tlie ball cell &t 



2S 

35* 

(1) 

(a) 

(3) 

(4) 

(5) 


0 965 

0 2860 

(0 2755) 

(0 2705) 


0 945 

0 2875 


0 2760 


0 935 

0 2875 

0 2815 

0 2765 

0 012 

0 925 

0 28/0 

0 2815 


0 018 


0 2855 

0 2815 

0 2775 

0 024 


0 2850 

0 2805 


0G30 



0 28)0 


0 045 

0 875 

0 2855 




0 860 

0 2845 

0 2805 

0 2775 


0 855 

0 2835 




0 845 


0 2790 

0 2755 

0 105 

0 835 

0 2845 

0 2790 

0 2760 


0 835 


0 2780 

0 2755 

0 150 

0 825 

0 2840 

0 2780 

0 2745 

Average accepted 

0 2855 

0 2800 

0 2765 


considerations In dilute solutions (to about 0 15 n) the activity 
coefficient of hydrochloric acid is practically mdependent of temper- 
ature (7, 8) It IS therefore possible to use the same value of Tn ^t 
different temperatures provided suffiaently dilute hydrochloric acid 
solutions are used 

We are now in a position to calculate the e m f of the half cell 
Sat KCl I 1 N KCl, HgCl | Hg from the data of Hoffman and Gortner 
(4 Table XX) with the help of Equation I This has been done m 
Table I where the e u f ’s of this reference electrode arc calculated 
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at three different temperatures and at normalities of hydrochloric acid 
ranging from 0 003 to 0 150 

The values obtained are far from perfect They display variations 
greater than such measurements should warrant But this fluctuation 
cannot be remedied by a selection of another set of y and is probably 
inherent in the measurements themselves They are however 
sufficiently accurate for our purpose 

The casein solutions in which we are interested were measured by 
Hoffman and Gkirtner at 22 dr 1° and 35° C The value of the reference 
electrode at 22° was interpolated from a smooth curve down through 
values obtained in Table I 


III 

The Amount of Acid or Base Bound by Casein at Various Temperatures 

As a next step we recalculated the hydrogen ion activities of casein 
solutions m equilibrium with sodium hydroxide and hydrocldonc acid 
This was done with the help of Equation I, the e m f ’s of the calomel 
half cell arrived at m the preceding section, and the e m f ’s observed 
by Hoffman and Gortner (1 Tables LXXX, LXXXIV, LXXXVIII, 
and XCII) The data cover the titration of casein with moderate 
amounts of HCl and NaOH at 22° and 35°C 

The pH values of the system casein-sodium hydroxide were converted 
into pOH terms by subtracting the pH values from 14 100 at 22° 
and from 13 670 at 35° 

The results of these calculations are found in Figs 1 and 2, except 
for larger concentrations of HCl and NaOH The data m this case 
were corrected for the free NaOH or HCl in the following manner 
Cohn (9) suggests that the amount of NaOH bound by the protein 
might be obtained from the following considerations 

pH + pOH = pK^ (n) 

pOH 4- proH “ pNaOH (III) 

NaOH added — NaOH free = NaOH bound (IV) 

Experimentally we know the pH, using the pir„ given above we can 
find the pOH Taking the values given by Cohn (9) for the activity 
coefficients of OH, we can obtam pNaOH and NaOH free The 
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latter is the antilog of pNaOH Subtracting the free NaOH from the 
total NaOH added, we obtam the value for the NaOH bound by the 
protein 

A similar calculation was carried out for hydrochloric acid using the 
activit}’’ coefficients given in Table I 
The correction for the free NaOH is necessary only through a small 
region of the titration curve with NaOH In the case of HCl it is 
significant almost throughout the titration curve 

rv 

DISCUSSION 

In Figs 1 and 2 are reproduced the results of these calculations A 
superficial exammation of these data convmces us that we are deahng 
with two distmct phenomena m the titration of casein with sodium 
h3'^droxide In terms of the negative logarithm of the hydroxyl ion 
actmty (pOH) the effect of the temperature is considerable beginnmg 
from the isoelectric pomt to about pOH 6 (pH 8), but m a more 
alkahne region the two curves practically comcide 
Similarly, the acid side of the titration curve m terms of pH (Fig 1) 
IS practically identical at 22° and 35°C There is a shght discrepancy 
between the two curves between pH 4 and 3 2, but casein in combina- 
tion with acid IS slow in commg to equilibrium and we are rather 
mchned to attribute this discrepancy to an experimental error 

In 1923 Bjemirn (10, 11) suggested that a dicarboxylic ammo acid 
should dissociate m the foUowmg way 


= K 


A\ 




(V) 



(VI) 
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The corresponding constants according to the classical dissociation 
theory_are (in the same order) 



At first the whole problem seems to be one of notation, but on more 
careful exammation v,e may note the following important differences 

1 According to the classical theory the dissociation of an ammo aad 
in aad solution, m terms of H+, involves Kv, (VIII), in the case of the 
new theory (V) it does not 

2 In the case of the second classical constant, Kas (X), m terms of 
OH", the situation is the same as in 1 

3 In the case of the first classical dissociation constant, Aoi (IX), as 
far as Kw is concerned, there is no difference between the old and new 
theory 

Casein m many ways resembles a multiple monoamino dicarbo'O^hc 
acid (12, 11) The important difference however is that these reacting 
groups are numerous since the molecular weight of casein is in the 
neighborhood of 200,000 
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In regard to the effect of temperature on the t 3 'pes of ionization 
described in Equations V to X we know that the is considerably 
influenced by the temperature (AH equals about 14,000 calones), 
while the ionization described b}’^ other constants is, or may be, httle 
afiected For instance the reaction 

R COO- + = R COOH 

involves onl}* from —1,300 to +1,800 calones (11) To be more 
specific one must expect that eqmhbnum (Equations V to X) mvolv- 
mg the Ka must be very much influenced by temperature, while those 
which do not mclude the are likely to be httle affected 

In appl 3 nng these critena to the experimental findmgs (Figs 1 
and 2) we at once see that the type of ionization suggested by Bjerrum 
fits the experimental facts m a far better way than the classical one 

1 On the acid side of the titration curve of casern (Fig 1) the 
classical theory predicts (VHI) a large temperature coeffiaent, Bjer- 
rum’s (V) a small one The experimental findmgs mdicate a small 
temperature coefficient 

2 On the alkahne side of the titration curve of casern (more alka- 
hne than about pOH 6, Fig 2) the classical theory (X) suggests a 
large temperature coefficient, while the theory of Bjerrum (VHI) a 
small one The experimental facts agam favor the Bjerrum theory 

3 In the range from the isoelectnc pomt to about pOH 6 both 
theones predict a large temperature coeffiaent (Equations VI and IX) 
The experimental facts are m perfect agreement on this point 

On the whole, we must therefore conclude that the type of ionization 
suggested by Bjerrum adequately descnbes the effect of temperature 
on the titration curve of casein with acid or base The study of the 
effect of temperature on the titration curves of protems may thus 
become a useful tool m identifymg the various types of ionization 
mvolved 


V 


SUIQIARY 

The influence of temperature on the titration curve of casein may 
be accoimted for by the Bjerrum theory^ of ionization of ampholytes 
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It has been known since the tune of Comssart and Kuhne that 
pancreatic juice possesses the property of digesting proteins Kuhne 
assumed that this property was due to the presence in the juice of an 
unorgamzed ferment or enzyme which he called trypsin Subsequent 
work by Fisher and Abderhalden, Cohnheim, Bayliss, Vernon, Schaffer 
and Terroine, Abderhalden, Willstatter, and Waldschmidt-Leitz and 
their collaborators has added greatly to our knowledge of the enzy- 
matic properties of pancreatic juice (1) The kmetics of these reac- 
tions have also been partially worked out According to Wald 
Schmidt Leitz the activated pancreatic jmce contams at least five 
proteolytic enzymes — trypsinogen, trypsin kmase, carboxy peptidase 
and amino peptidase, which hydrolyze polypeptides, and erepsm 
There is no positive evidence' as yet that any of these enzymes has 
ever been obtained in pure form or separated completely from each 
other and it is probable that the separation can be earned still further, 
as already indicated by Abderhalden (3) The enzyme desenbed m 
this paper differs essentially from any previously desenbed In the 
meantime the existence of these separate enzymes has been assumed 
purely from the behavior of certain solutions, as Linderstrom Lang 
has pointed out (4) 

In contrast to the marked advances in knowledge of the properties 

' In one sense this will always be the case since it is not possible to furnish posi 
tivc proof of tbe punts of a substance but only negative proof consisting of the 
fact that no evidence of mixtures can be found under conditions which would be 
expected to show such evidence For a discussion of the difficulty of proving the 
existence of, or defining a pure substance” sec Lunn and Senior (2) 
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of the enzymes of the pancreatic juices, as shown by their catalytic 
effect in various reactions, httle or no knowledge has been gamed as 
to the chemical nature of these enzymes The early workers, Kuhne, 
Mays, Hammarsten, and Michaehs, considered them to be associated 
with the nucleic acid fraction, but Levene (5) showed that they were 
not nucleic aads themselves since hydrolysis of the nucleic acids did 
not destroy the activity WiUstatter and his collaborators (6) con- 
cluded that the enzymes belong to an unknown class of chemical com- 
pounds associated with protems or other substances of high molecular 
weight and a somewhat similar point of view is expressed by Fodor 
(7) This conclusion, however, rests only on the purely negative 
evidence that no pure substance, ^ e one havmg constant properties, 
has been obtamed which showed enzymatic activity The known 
chemical properties of enzjrmes, on the other hand, such as the tem- 
perature coefficient of mactivation, effect of acid and alkah on sta- 
bihty, and the reactivation sometimes observed, as well as the ease 
with which they are adsorbed on colloidal particles, are those of pro- 
tems In addition, crystallme protems of constant composition and 
activity have been isolated by Sumner (8) m the case of urease, by 
Northrop (9) in the case of pepsin, and by Caldwell, Booher, and 
Sherman (10) m the case of amylase The existing positive evidence, 
therefore, mdicates the protem nature of enzymes and the conditions 
and methods used in the present work were those known to be favor- 
able for the isolation of proteins, t e , concentrated solubons in con- 
centrated neutral salt and low temperatures These methods have 
led to the isolation of a crystalhne protem having constant physical 
and chemical properties, including constant proteolytic activity 
This enzyme attacks only protems, and pepsin-peptone, so far as we 
have determmed Since the protease of pancreas has always been 
called trypsin the present enzjmie will be referred to as tiypsin It 
differs markedly from the trypsin-kmase of Waldschmidt-Leitz in that 
it does not carry the hydrolysis of protems nearly so far as does tryp- 
sin-kinase 


Methods of Delermtning Activity 

The acb%nty of the vanous preparations was determined by the 
change m -vnscosity of gelatm and casern, the increase in formol titra- 



JOHN H NORTHROP AND M KIJNITZ 


269 


tion of gelatin and casein, and the formation of non protem mtrogen 
m casein solutions, etc The foUowmg defimtions and abbreviations 
are used m the paper 

[T TJ — ^per cent change in viscosity per minute per mg trypsm mtrogen 

contained m 5 2 ml 2 5 per cent gelatm, pH 4 0 

[T IT ]{g<i f — mdlieqmvalents carboxyl groups liberated per minute, per 

mg N 

mg trypsm mtrogen contamed m 60 ml 4 per cent pH 7 6 

(T U milhequivalents mtrogen soluble m 5 per cent tnchloracetic aad 

formed per mmute per mg trypsm mtrogen contamed m 6 0 mL 4 per cent casern, 
pH 7 6 

[T — per cent mcreasem viscosity per mmute per mg trypsm mtrogen 

contamed m 5 2 ml of standard milk solution 

[T U — “b magnesium sulfate plasma clotted by 1 mg trypsm mtrogen 

in 18 hours, 6 C 

[< P [j — degrees optical rotation m a 1 dm tube of a solution m } satu 
rated ammonium sulfate u/lO pH 4 0 acetate, containing 1 mg protem mtrogen 
per ml , sodium D Ime, at 20“C 

The methods used are descnbed m the experimental part of the 
paper (11) 

The determinations were confined m all cases except the rennet 
action, to the initial slope of the curves m which region the speafic 
activity obtained is mdependent of the concentration of enzyme used 

Preliminary Method of Fraeltonahon 

The first attempts at purification of the enzyme were similar to the 
experiments of Michaehs and Davidsohn (12) and consisted m a study 
of the preapitate obtamed from crude trypsm extracts at about pH 
3 0 The crude matenal used was Fairchild’s trypsm which is pre- 
pared from beef pancreas * If an aqueous extract of the dry powder 
IS titrated to about pH 3 0 with aad a preapitate forms, as Jlichachs 
found Most of the activity is found m this precipitate Upon 
repeated solution and repreapitation much of the activity is lost and 
the speafic activity of the preapitate becomes less and less A num- 
ber of other methods of fractionation were tned but it was found that 

The wntcrs are mdebtcd to Mr Becjamm Fairchild of Fairchild Bros and 
Foster for this mformabon 
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the predpitete obtained ivitli strong ammonium sulfate iras the onl}* 
one which could be dissol\*ed and reprecipitated indetimtely iiithout 
loss of acti\Tity either as a ivhole or in regtird to tlie precipitate Si's- 
tematic fractionation of am extract of the conmiercial preparation in 
^ saturated ainmoniimi sulhate mas tlien undertaken uitli -carious 
concentrations of anmioniimi sulfate As the anmionium sulfate 
concentration is increased a senes of precipitates is obtained nhich 
become more and more actn-e The most actii-ie precipitate appeared 
at about 0 6 saturated ammonium sulfate and further iractionation of 
this preapitate did not diange its acti\ ity appreciably The precipi- 
tate was a protein and gai-e some indications of cri-stalhring so that a 
large number of expenments Mine done in an attempt to cxA-stalhre 
it It 'U'as foimd ei'entually that crA-stals could be obtained by adding 
saturated anmionium sulfate \ery aiutiously to a 5 per cent solution 
of the precipitate (1 part filter a’ke dissobaxl in fii-e bmes its eight 
of solution) in ^ saturated anmionium sulfate made up in m ^10 acetate 
buffer pH 4 0 temperature 2o-a0'C The first precipitate i\luch 
appea^rs imder these conditions is usually amorphous If tlus is fil- 
tered off raid the filtrate alkwed to stand at 20-aO'^C small cri-stals 
of cubic fomi begm to appear in the solution and incraase rapidly in 
amiount. Good cr}*stals are obtained only Mith slow cr}*stalhnation 
Othennse the crj'sta.ls are not well foniied and usually appear spheri- 
cal Tne process is fa\-ored by stirring The cr\*stalIi-*ation may be 
listened by continued addition of anmionium sulfate ^Mth stirring) 
and eventually practically all the protein may be obtained m cr}*stal- 
hne form Tlus is the method of prap iration alraady reported (lv>) 
^lateri'’! obtained in this way is about ten times as acti\e as the 
onginal commerci'’! product on a total drv v eight bisis and about 
three times as acti\-e per milligram soluble pratein nitrogen 
Repeated cr}'stalIicatioa does not chmge the specific actiMty to 
any extent but it was noted tint the first small aanount of precipitate 
formed \ras always slightly less active thin the succeeding craps of 
cxvstals Tne results of such am expenment are shoun in Table I 
It MTS ver>' difficult to decide m hether thi:? rasult M-as due to actu il 
fractionation or to loss in actnat\ dunng the exj^ionment In order to 
test the pn^t^ of the preparation in another M"a> i senes of solubiliti 
exponraents mws done in < sa turattxi nwgiiesium sulfbe Ihe tr\s- 
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tallme preapitate was stirred for 10 to 15 minutes with a mixture made 
up of 75 ml saturated magnesium sulfate and 25 ml m/ 10 pH 4 0 
acetate The suspension was then filtered and the preapitate agam 

TABLE I 

100 gm, poorly crystallme cake dissolved in 600 ml i saturated ammonium 
sulfate m u/lO acetate buffer, pH 4 0 Saturated ammomum sulfate added with 
stirring to famt turbidity More saturated ammomum sulfate nm in very slowly 
Crystallme precipitate formed and filtered off from time to time. Saturated 
ammomum sulfate added to filtrate imtil no further crystals are obtamed The 
precipitates were then combmed dissolved m 6 volumes i saturated ammomum 
sulfate, pH 4 0 and the crystallization of Fraction b repeated four tomes Samples 
of each fraction were analyzed for protem mtmgen optical activity, and proteolv 
tic activity by gelatm viscosity method 


CrystalbzatioQ 

No 



Prcopitate 


K 


tn. 


tm 



1 

100 

1 a 

11 

40 




lb 

17 

55 

0 33 



1 c i 

IS 

57 




Id 

11 

57 




Mother liquor 


42 


2 

39 

2a 

1 3 

mm 


(la + lb + 


2b 

26 5 


0 33 

Ic + Id) 


Mother liquor 




3 

26 

3 a 

2 5 

43 




3b 

11 5 

' 47 

0 37 



Mother liquor 


SO 


4 

11 

4 a 

1 





4b 

7 5 

1 45 

0 39 


1 

Mother liquor 


40 


5 

7 

Sa 

0 5 

42 




5b 

3 6 

45 

0 36 



^fother liquor 





stirred with the same solvent This was continued until the preapi 
tate had nearly all gone into solution and the filtrates and residue then 
analyzed for mtrogen and activity The results of the expenments 
are shown in Table n 
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The solubihty decreases rapidly with successive extractions while 
the specific activity of the protein in solution also decreases to some 
extent The final residue, however, has about the same activity as 
the onginal matenal These results show defiuitely that the crystal- 
line matenal prepared by this method is not a pure protein since the 
solubility depends on the quantity of precipitate It is similar to the 
type of result found by Sorensen (22) with other proteins and mdicates 
that the substance is probably a sohd solution There was some loss 
in activity dunng this experiment but hardly sufl&cient to account 
for the observed results 


TABLE n 

Solubility in Magnesium Sulfate, pH 4 0 Acetate = 

1 75 Ml Saturated Magnesium Sulfate 
[25 Ml M/ JO pH 4 0 Acetate 

20 gm crystalline filter cake stirred for 10-15 minutes with 75 ml solvent 
Filtered and filtrate analyzed for total nitrogen and activity Extraction repeated 
eight times 


Extract No 

1 

3 

5 

7 

9 

Residue 
Irom 9th 
extract 

N/ml 

1 92 

0 94 

0 80 

0 49 

0 29 


[T 1 

60 

36 

54 

40 

47 

60 


Effect of Heatmg tn Acid Solution 

It was noted when a solution of the matenal was boiled m di- 
lute hydrochlonc aad and then cooled that a form of protem ap- 
peared which precipitated on the addition of magnesium sulfate al- 
though there was not very much loss in activity This remarkable 
stability in dilute acid is a charactenstic property of trypsin and 
has been noted by Mellanby and Wooley (14) It was thought 
at first that the precipitate formed on adding a solution, which had 
been heated and then cooled, to salt solutions was probably denatured 
trjqjsm protein and an experiment v as made in order to determine 
whether the loss in actmty was proportional to the quantity of this 
denatured protem formed A solution of the matenal m n/10 h 3 '-dro- 
chlonc acid was heated to 95°C and the total activity of the solution 
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deternuned as well as the quantity of denatured protein present 
The results of an experiment of this kind are shown m Table III 
The table shows that the total protein mtrogen remains constant 
while the activity per milli liter of solution decreases The specific 
activity per milligram total protem mtrogen therefore decreases with 
time However, if mstead of total protem mtrogen the concentration 
of protem which does not preapitate with magnesium sulfate is con- 
sidered, the experiment shows that the speafic activity, referred to 
this soluble protein, mcreases nearly 100 per cent in the first few mm 

TABLE in 

Loss in Actimly and Formation oj Denatured Protein in Dilute Acid Solution at 95°C 
2 gm of crystalline filter cake dissoKed m SO ml of u/10 hydroclilonc acid and 
kept at 95 C 1 ml samples taken and added to 4 ml u/IO pH 4 0 acetate buffer 
and this soluUon analyzed for protem nitrogen and total acUvity Another set 
of 1 ml samples taken, cooled, and added to 4 ml cold U/IO magnesium sulfate 
in 0 5 normal sulfunc aad The suspension centnfugcd and supernatant liquid 
analyzed for protem mtrogen and activity 


Time 

AnalyiU from lunples In ecelete 

AnalTsIs of filtrate from MgSOi umples 

Protein N 

IT U|J5^ 

rruiii'pN 

Protein K 

IT ui;g' 

ItuCpn 

hrt 

mg 



m 



0 

1 6 


62 

1 6 

100 

62 

0 1 

1 57 

80 

51 

0 58 

63 

no 

0 2 

1 5 

64 

43 


54 

97 


1 7 

43 

25 



52 


1 7 

18 5 

11 



16 


utes, remams nearly constant for a while, and then decreases The 
experiment shows conclusively that the matenal is not a pure sub 
stance but contains a protem which is denatured by heat and which 
has little or no activity, and another protein of high activity ivhich 
either is not denatured by heat or which reverts to the native condi 
tion on cooling • This behavior is so unusual that a detailed study of 

^ This result is very similar to that obtamed recently by Waldschmidt Leitz 
and Steigerwaldt (15) m follonmg the digestion of urease with trypsm It prov cs 
onlv that the matenal is not a pure protein hut does not prove that no acuve 
protein is present 
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the reaction was made and is reported in another paper (16) It turns 
out that the active protem is denatured when heated but reverts to 
the native condition very rapidly on cooling At the same time the 
activity returns 

The experiment just described, however, also indicates a very effi- 
cient method of further fractionation A study of the fractionation 
was therefore undertaken again The raw material was either an 
aqueous extract of Fairchild’s or other commercial tiypsm, or pan- 
creatic juice obtained from frozen pancreas The frozen mass was 
sliced, spread on racks and allowed to thaw, and the liquid which 
drained out collected 


Final Method of Isolation 

The method of fractionation finally worked out consists essentially 
of a prehmmary precipitation of juice obtamed m this way with strong 
acid which removes most of the inert proteins, as has previously been 
reported by Fodor and by Schonfeld-Reiner (17) The filtrate from 
this precipitate is then fractionated with ammonium sulfate and dis- 
solved m dilute acid, heated to 80°C , and again fractionated with 
ammonium sulfate By this method a protein was obtained which 
had about twice the specific activity of the onginal crystalhne matenal 
but which crystallized under the same conditions and m a similar 
crystalhne form (cf Fig 1) Up to the present it has not been found 
possible to increase the specific activity any further Whenever any 
of the protem is destroyed or removed there is a correspondmg loss 
m activity The details of the preparation are shown m Table IV 
In this experiment the heating and fractionation were repeated four 
times Ordinanly the fraction obtained after the first heatmg (No 
5 in the table) is used as the final matenal This fraction contains 
nearly one-half of the ongmal proteolytic activity Most of the loss 
occurs vhen the solution is heated This is due to the fact that there 
are other proteins present m the solution, since, as is descnbed m the 
paper on heat inactivation (16), the punfied matenal may be heated 
and cooled again indefinitely without any loss in activity The 
speafic activity is about six times that of the ongmal crude extract 
on the basis of protein nitrogen and considerably more than six times 
as active on the basis of total dry weight 
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I-IG 1 .lands (a) Tn-psin cnstals imniediateh after crjstallization (6) Tri-psm cr\ stafs after standing m contact 
mill ihc mother liquor for 1 or 2 months 
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Fraction ^ ™ , ,4cl Total 

\o ^InfgPN [TliI^S* 


150 kg frozen pancreas cut in slices and allowed 
to thaw o\emight at about 5°C and the ex- 
pressed fluid collected 

Diluted with 1 % olume w ater and 22 nil concen- 
trated hj drochlonc aad added per liter (hnal 
concentration HCl 0 25 molar) Solution 
filtered in cold room through fluted paper (S 
and S Xo 1450 1/2) Filtrate brought to 
0 4 saturated ammomum sulfate b\ the addi- 
tion of solid ammonium sulfate (250 gm per 
liter) and refiltered through fluted paper 
Filtrate brought to 0 7 saturated ammomum 
sulfate (250 gm ammonium sulfate per liter) 
and filtered inth suction Precipitate 


12,000 


18 12 X 105 


37 9 X 105 


500 gm Precipitate 3 dissoh ed m 1 2 liters \/20 
hj drochlonc aad, heated* rapidh to 90“C 
and cooled to 20°C , brought to 0 4 saturated 
ammonium sulfate, and filtered Filtrate 
brought to 0 7 saturated ammonium sulfate 
and filtered wath suction Precipitate 


95 5 X 105 


This completes the usual method of prepara- j 
tion The succeeding fractionations arc re- j 
ported to shoii that no further change in j 
acti\ lt^ occurs 


Precipitate dissoh cd in 25 \ olumcs m/ 20 pH 4 
acetate buffer, heated rapidh to 90'^C , 
cooled to 20'C brought to 0 4 saturated am 
monium sulfate and filtered Broucht to 
0 7 saturated ammomum sulfate and filtered 
with suction Precipitate 

Xo 7 di=sohcd in 3 % olumcs 1 saturated am 
momum suliatc pH 4 broucht to 0 4 satu- 
rated ammonium sulfate filtered Filtrate 
brought to 0 7 saturated ammonium sulfate, 
filtered leath suction Precipitate 


4 X 105 


3 X 105 
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TABLE TV— Concluded 



Fraction 

No. 

Weight 


Total 

[T 

No 8 dissolved m 25 volumes n/ 20 hydrochlo- 


/« 1 

1 



nc acid brought to 0 4 saturated ammonium 
sulfate and filtered Filtrate brought to 0 7 
ammomum sulfate filtered with suction 
Preapitate 

9 

35 

105 

2 X 10* 

No 9 dissolved in 3 volumes saturated am 





momum sulfate brought to 0 4 saturated 
ammomum sulfate by the addition of satu 
rated ammonium sulfate, dear solution Sat 
urated ammomum sulfate added slowly until 
slight turbidity Solution filtered filtrate 
inoculated with crystals and saturated am 
momum sulfate added v ery slowly Crystal 
line preapitate forms Preapitate 

10 

20 

1 

no 

1 X 10‘ 


* The heating and cooling of large quantities of solution maj be most conven 
lently done by running the solution through a glass coil uninersed in boiling water 
and then through a coil m cold water The rate of flow is regulated so that the 
solution leaves the hot coil at a temperature of SO-SS^C The coil used m these 
expemnents wasof 5 mm (mside diameter) thin walled tubmg about 2 ra long 

It IS possible to prepare crystalline matenal having the maxunum 
activity by fractionation with ammonium sulfate alone and without 
heating The process is laborious and the yield poor so that, for 
practical purposes, the method is not satisfactorj The matenal 
obtained m this way, however, is identical with that obtained after 
heatmg There is no reason to suppose, therefore, that the properties 
of the enzyme are changed by the heating 

The vanous fractions were tested for tryptic activity by gelatin 
and casern viscosity methods at pH 4 0, by the formol titration of 
gelatin and casein, and by the production of soluble nitrogen from 
casein They 'were also tested for their blood clotting power (18), for 
ability to clot milk, and for amylase, lipase, and erepsm The optical 
activity at pH 4 0 and the total mcrease in formol titration ivith casein 
and gelatm m the presence of excess enzyme were also determined 
The results of these determinations are shomi in Table V 

The proteolytic actmty , as measured by any of the methods and 
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Amylase— mg P N for positive test, mg <0 001 



[T 1000 4000 400 300 160 100 95 280,000 

^mg P N 
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also the blood-clottmg property increases rapidly up to Fraction 5 and 
then remains constant The percentage increase m activity between 
Fraction 1 and Fraction 5 is shghtly more as determined by the gelatin 
viscosity method than by the other methods, which may be due either 
to the presence of more than one enzjmie, one of which is removed 
durmg the course of purification, or to the fact that the other methods 
of measunng the activity measure secondary reactions due to peptone- 
sphttmg enzymes while the viscosity method measures only the change 
in the protein The results as a whole indicate that the final prepara- 
tion has constant activity as measured by any of the precedmg meth- 
ods and that no change in this activity occurs durmg the repeated 
fractionations between Fraction 5 and Fraction 10 The optical 
activity per rmlhgram of mtrogen also reaches a constant value The 
amylase activity is expressed as the number of rmUigrams protein 
nitrogen reqmred to give a positive test imder the conditions used by 
Willstatter Fraction 1 has powerful amylolytic activity but no positive 
test for amylase can be obtamed in succeedmg fractions The lipase 
activity, which is expressed as ml n/10 alkali per rmlhgram mtrogen 
under the conditions descnbed m the experimental part (11) disap- 
pears in Fraction 5 as does the ability to digest dipep tides The ren- 
net action decreases rapidly as fractionation proceeds but even the 
last fractions have a weak effect on the clotting of nuLk which seems to 
remain constant There is no doubt that there is ongmaUy present 
another enz>me with a much more powerful milk-clotting power than 
the final trjqism and it is possible that the small amoimt of rennet 
action noted vath the final fractions is due to a trace of this enz 3 Tne 
earned through the preparation 

The speafic acti\’ity of an activated glycerm extract of dned pan- 
creas prepared according to Wdlstatter’s method (19) is included for 
companson It has about the same specific activity on the basis of 
protein nitrogen as does the pancreatic extract used as the starting 
point of this fractionation The specific activity of crystalhne pepsin 
(20) IS also shown in Table V Pepsin is less active by most of the 
methods but \er 3 much more active m the clotting of rmlk The 
relatne actnity of the tvo enzjmes expressed in this way cannot be 
considered an absolute figure since the ^ alue obtamed v ould var>’’ 'with 
the conditions and methods used for the determination of the activity 
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Hydrolysis of Peptides — ^Waldsclmudt-Leitz (24) has separated two 
enzymes from pancreatic extract, carboxy polypeptidase and ammo 
polypeptidase capable of sphtting some peptides, while his trypsm 
kmase does not attack these compounds According to Abderhalden 
(2S), however, trypsm kmase solution on standmg m glycenn re 
covers its power to hydrolyze leucyl glycme and other dipeptides It 
was of interest, therefore, to determme the activity of the trypsm 
fraction obtained m the present experiments with peptides The 
writers are indebted to Professor Waldschmidt Leitz forkmdly supply 
mg them with some d 1 leucyl /-tyrosme, leucyl diglycme, and chlor 

TABLE VI 

Hydrolysis of Dipeptides with Various Trypsin Fractions 


20 ml ir/2S peptide solution pH 7 5m u/10 pH 7 5 phosphate buffer about 5 
mg ttypsm protem mtrogen added, 24 hours at 35°C 5 0 ml titrated with n/50 

sodium hydroade (formol titration) 


FepUde 

d-l L«ucyl 
^tyTo^lQe 

Leucyl 

diglyctae 

CUera , 
cetyl 

1 tymiae 





Hydrolysu i/ter 24 hn «itb vamous trypua prepantiona 


percent 

per cent 

per cent ^ 

per cent 

pereeni 

pt cent 

per cent 

Trypsm preparation 








No 








i 

25 

30 

100 

70 

14 

12 

7 5 

3 



0 





Crystalline 

0 

0 

» i 

0 

0 

0 

0 


acetyl I tyrosme l/2Sth molar solutions of the preparations were 
prepared m u/lO phosphate buffer and titrated to pH 7 6 1 ml of 

vanous trypsm fractions contaimng 5 mg of protem nitrogen was 
then added to 20 ml of the peptide solution and hydrolysis allowed 
to proceed for 24 hours at 3TC 5 ml samples were then titrated with 
n/50 alkali m the presence of formalin, as usual The method of 
titration is accurate to about 0 1 ml n/50 alkali, which corresponds to 
a hydrolysis of about 1 per cent The results of the experiment, ex 
pressed as per cent of the total hydrolysis are shown in Table W 
The ongmal extract is quite active, espeaally with chloracetyl 1 
tyrosme and therefore contams considerable carboxyl polypeptidase 
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The activity with respect to chloracetyl-Z-t)Tosme is lost at the first 
step in the fractionation, « e , treatment with strong acid None of 
the succeeding fractions showed any activity The crystalline ma- 
tenal possessed no measurable activity with any of the peptides and 
m this respect agrees with results obtamed with Waldschmidt-Leitz’s 
trypsm-kmase 

The tr3^sm solutions used were in 75 per cent glycenn and had 
been stored m the ice chest for 4 or 5 months so that there is no re- 
covery of activity under these conditions, as reported by Abderhalden 
for trypsm-kmase In order to confirm this result a solution of tryp- 
sm was made up m 75 per cent glycenn, titrated to pH 7 5, and kept 
at 37°C for 10 days These conditions are descnbed by Abderhalden 
(25) as favorable for the recovery of the activity The solution of 
crystalhne trypsm, however, remained inactive toward the peptides 
under these conditions so that m this respect it differs from the trypsm- 
kmase The addition of glycme to the digestion mixture did not result 
in any activity (25) 

Extent of Eydrolysts 

The most striking difference between the vanous fractions is the 
extent to which the hydrolysis of casein and gelatin is earned when 
measured by the formol titration The crude matenal causes a 
maximum increase in formol titration of more than 32 ml n/50 sodium 
hydroxide per 5 ml 5 per cent casein, and of more than 25 ml per 5 
ml 5 per cent gelatin The purified fractions only increase the formol 
titration of casein by 9 ml m/50 and of gelatm by 7 0 ml (cf Paper 
n of this senes) 


Analysis 

The results of ultimate analysis of the protein crystals are shown in 
Table VII They are sumlar to those usually obtamed for albumin 
The protein contains no phosphorus 

Specific Activity of Dififerent Preparations 

About twent)’’ different lots of crystalhne trypsm have been pre- 
pared dunng the course of this work from different raw matenals 
The specific activity of most of these preparations together with that 
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TABLE Vn 


Elementary AnaSysis Crystalline Trypsin 
Crystalline trypsin dissolved in n/10 000 hydrochlonc aad and dial> zed against 
N/10,000 hydrochlonc acid until free of sulfate Poured into 10 volumes acetone 
at 0 , filtered Dned to constant weight m xactto at 60 C 


t I 2 


50 0 

49 9 

7 2 

7 1 

14 8 

15 0 

2 86 

2 9 


1 10 


0 00 

12 1 

1 1 


TABLE Vm 


Activity of Various Preparations 


Prepontioa 

Rtw BiaUnal ^ 

SpmSc ftclint; 
uUogea by st 
IT U4 

Raw aaUH&l 

per m$ protein 
uUn viscoiity 

« P N 

CrysUDine 

trypsin 

mi 




June 17 

Fairchild (Beef pancreas) 

28 

106 

Nov 4 

Rohm and Haas Raw Degomma S ’ O^ig) 

1 1 

106 

13 

Frozen beef pancreas jmcc 

13 

108 104 

17 j 


12 

no 94 

27 


7 

55 

Dec 7 


16 

106 110 

im 




Feb 11 1 


19 

85 

May 18 

Same matenal as Feb llaflcr3mos mice 




box 


120 

Mar 14 

Frozen beef pancreas juice 


102 

Apr 15 



50 

May 10 

Fresh beef pancreas extracted 2 daj'S at 




20 C with 1 V olume water + 1 per cent 




cresol 

8 7 

62 

13 

Fairchild 

25 

lOS 
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of the crude material (Fraction 1) is shown m Table VIII With the 
exception of four preparations, the specific activity was in each case 
110 per milligram mtrogen, within the experimental error The prep- 
arations which gave low results behaved abnormally in that heating 
in acid caused little or no increase in activity It could easily be 
shown by repeated fractionation with ammomum sulfate that these 
low specific activities were not constant values but could be slowly 
mcreased The loss involved m the fractionation was so large as to 
render the process impractical as a method of preparation It is 
evident, however, that occasionally beef pancreatic juice contams a 
protein which cannot be conveniently fractionated out by the proce- 
dure usually followed There is an mdication that the more com- 
pletely the pancreas is extracted the more of this troublesome protem 
IS contained in the extract No active matenal could be isolated from 
fresh (inactive) beef pancreas, so that m the other preparations spon- 
taneous activation had undoubtedly occurred 

Tests of Purtiy 

The fractionation expenment just descnbed shows that the crystal- 
line protem retains its constant chemical and physical properties, m- 
cluding its proteolytic activity, through a long senes of successive 
fractionations and heatings In these experiments, however, the 
pnnapal fraction was analyzed A much more sensitive test for the 
punty of a matenal consists in the companson of the properties of 
the first small amount of precipitate obtained m a fractionation ex- 
penment vnth the properties of the final fraction left in the mother 
liquor after the bulk of the matenal has been precipitated Theoreti- 
cally, in either a rmxture or a solid solution the maximum difference 
in composition i\ould occur between these two fractions (21) A spe- 
aal senes of experiments v as therefore earned out m which a solution 
of the crjstalhne matenal vas preapitated -unth ammomum sulfate 
and the speafic proteolytic activity and optical activity of the first 
preapitate formed compared with that of the last small amount of 
matenal left m solution in the mother hquor The results of this 
expenment are shown m Table IX ■* The expenment shows that the 

^The cn-stals as obtained directlj alwa>-s contain some nitrogen which is 
soluble m 2 5 per cent tnchloracetic acid This maj be removed bj repeated 
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TABLE IX 

Fractional Precipitation vnth Ammonium Sulfate 

80 gm crystalline trypsin filter cake dissolved in 500 ml i saturated ammon 
lum sulfate and preapitated by brmgmg ammonium sulfate concentration to 0 6 
saturation Repeated three times and preapitate washed with 0 7 saturated 
ammomum sulfate jneld 30 0 gm filter caie. 



1 

j 

Precjpi ' 
Ute 


J 

‘“W P N 

25 C 



gm 



7 5 gm. filter cake dissolved m 100 ml 
i saturated ammomum sulfate 

Preapi 
tate la 

0 5 

87 

-0 235 

Saturated ammonium sulfate added to 
shght preapitation Filtered 





Filtrate saturated ammomum sulfate 
added until nearly all preapitated 

Precipi 
tate lb 

6 0 

no 

-0 2SS 

filtered 

1 

Mother 
Liquor Ic I 

1 0 

119 

-0 350 

Precipitate lb dissoU ed m SO ml f sat 
urated ammonium sulfate Satu | 

Precipi 
tate 2a 

0 1 

103 

-0 246 

rated ammomum sulfate added to 
slight preapitation filtered 





Filtrate, saturated ammomum sulfate 
added to heaiy precipitate filtered 

Prcapi 
tate 2b 

4 0 

109 

-0 257 


Mother 
Liquor 2c 

1 5 

124 

1 

-0 267 

Precipitate 2b dissolved m 40 ml J- sat 
urated ammomum sulfate Sat 

Preapi 
tate 3a 

' 0 3 

95 

-0 272 

urated ammomum sulfate added to 
slight preapitate filtered 



1 


nitrate saturated ammonium sulfate 
added to heavy preapitate filtered 

Precipi 
tate 3b 

3 3 

104 

-0 267 


Mother 
Liquor 3c 

' 0 3 

' 106 

-0 290 


first small amount of preapitate obtained was slightly less acti\ e, but 
succeedmg fractionations show no sigmCcant differences in cither the 


extraction in saturated magnesium sulfate or i saturated ammonium sulfate On 
standing this soluble nitrogen agam appears so that it is necessar> to use freshl> 
/raciionated material for aD> experiment in uhich the punt> is to be tested 
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optical activity or proteolytic activity, ^ e , no evidence even under 
these extreme conditions was found to indicate that the matenal was 
either a mixture or a solid solution They show quite conclusively 
that it IS not a mixture or an adsorphon complex of a protein with a 
non-protem molecule since m either case the composition of the first 
fraction would be quite different from that of the small amount of 
material remammg m the mother liquor If the matenal were an 
adsorption complex the first small amount of protem precipitate would 
be expected to carry down relatively more of the adsorbed compound 
since this is a general property of adsorption systems If it were a 
mixture the hypothetical active non-protein molecule would certainly 
have a different solubihty m ammomum sulfate from that of the pro- 
tem In either case the composition of the extreme fractions obtained 
would be quite different even though the difference in solubihty were 
shght If the matenal, however, is a sohd solution it is quite possible 
that no indication of this fact would be obtained m this t)q)e of expen- 
ment However, since the bulk of the material is undoubtedly a 
protem it is unhkely that a sohd solution would be formed except with 
another protem The existence of a sohd solution is rendered more 
unhkely by the fact that the optical activity as well as the proteolytic 
activity IS constant since the optical activity is a very specific property 
even of similar proteins 

Soluhilily Expenmcnts 

Another sensitive test for the punty of a protem consists in the 
determmation of its solubihty m the presence of varying amounts of 
sohd phase Accordmg to the phase rule, the solubility of a pure sub- 
stance at constant temperature and pressure is constant and independ- 
ent of the quantity of sohd phase present, while the solubility of a 
mixture will increase at first with the quantity of sohd present and will 
not be independent of this quantity imtil all the components present 
m the ongmal sohd are present in the sohd phase In the case of an 
ideal sohd solution the solubihty wiU increase gradually and indefi- 
nitely with increase m the quantity of sohd present The force of this 
method has already been illustrated m the case of the first crystalline 
protein obtained, since such experiments showed at once that the 
substance vas not pure A still more stnkmg example is furnished 
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by Sorensen’s experunents (22) with serum globulm and casern m 
which it was shown that these protems although considered as chemi- 
cal individuals for many years were not pure substances but were 
probably sohd solutions of several sumlar protems 
Unfortunately, owing to the unstable nature of the protein, it is 
impossible to carry out accurate solubility detemunations with trypsin 
smce even at S°C there is always some loss m activity during the course 
of the experiment Another difficulty is that the solubihty of the 
protem m ammomum sulfate is very sensitive to shght changes m the 
concentration of ammomum sulfate so that a difference of about 10 
per cent in the ammomum sulfate concentration makes a difference of 
over 100 per cent in the solubihty This change m soIubUity with 
ammonium sulfate concentration is shown m Table X 


TABLE X 

Solubihty Crystalline Trypsin tn Difermt Concentrations Ammonium Sulfate in 
N/IO pB 40 Acetate Buffer at 5°C 


u/lO pH 4 0 acetate buffer, ml 

3 

4 

6 

3 00 molar ammomum sulfate ml 

10 

10 

10 

Ammonium sulfate concentration mols/liter 

2 30 

2 14 

1 87 

Protem nitrogen per ml , mg j 

0 30 j 

0 74 

>5 0 


A good deal of time was spent m the attempt to obtam accurate 
solubility values but it was impossible to reach equilibrium conditions 
without some loss m activity The experiments were made under the 
same general conditions as those already descnbed for pepsin The 
result of one such experiment is shown m Fig 2 and represents the 
solubility of crystalhne trypsm m a solvent prepared by mixmg 4 ml 
of n/ 10 pH 4 0 acetate buffer with 10 ml 3 molar ammonium sulfate 
at S°C The points represented by open arcles were obtained by 
dissolving the protein in the acetate buffer and precipitating the solu 
tion by adding ammonium sulfate, the points indicated bj dots were 
obtained by stirnng an excess of sohd with the solvent The fact that 
the values obtamed m this way arc about the same shows that the 
1 alue IS an cquihbnum one There is some mdication that the solu 
bility increases shghtly wath mcreasmg quantity of preapitate but it 
IS doubtful whether this increase is outside the experimental error 
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The solid line in the figure represents the theoretical solubility curve 
for a substance having a solubility of 0 75 mg protein nitrogen per 
ml , and a specific proteolytic activity, as measured by the change in 
viscosity of pH 4 0 gelatin of 100 T U per nulhgram protein nitrogen 
The fact that the points indicating the activity per milhhter fall 
slightly below those indicating the imlligrams protein nitrogen per 
milliliter shows that the specific activity, as determmed m this particu- 
lar experiment, was-shghtly less than 100 Determinations made with 
the same matenal somewhat later and with a new gelatin solution gave 
a value for the specific activity of 100 so that this low figure was prob- 
ably due to a slight difference m the gelatin preparation 



Mg 

Total Nitro5en per ml 


Fxg 2 Solubilit}' of crj'stallme tr>-psm m 


4 ml N/10 pH 4 0 acetate buffer 


[10 ml 3 m ammonmm sulfate 
5°C vnth mcreasmg quantities of solid trviism 


at 


A probable cause of divergmg results in these experiments is the dif- 
ference in solubility between the ciy^stalhne and amorphous forms 
of the precipitate In the case of pepsin (9) this complicating effect 
could be clearly detected and expenmentally venfied by imcroscopic 
examination of the preapitate In the case of trjpsin, however, 
the erv stals are so small as to render it difficult under the conditions of 
a solubility expenment to determine microscopically vhether the 
preapitate is cr\stalhne or amorphous The determinations made 
vath a total of 6 mg total nitrogen per ml vere obtained mth a 
preapitate which was undoubtedh crystalline and since they fall in 
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the same concentration range as the others, it is probable that the 
precipitate in all these experiments was crystalline since a marked 
difference in solubihty between the crystalhne and amorphous forms 
IS generally found with proteins As a whole the fractionation expen 
ments show quite conclusively that the crystalhne matenal is not a 
rmxture nor an adsorption complex but they do not rule out the possi- 
bility that the matenal is a sohd solution 

Relation of the Proteolytic Actuity to the Protein 
Beat Inacltvatton — The experiments descnbed show that under the 
conditions studied so far the matenal behaves like a pure substance, or 

TABIH XI 

Decrease m Activity and Protein Concentration on Heating Trypsin Solutions in 
ir/10 Hydrochloric Acid 

2 gm crystalline filter cake dissolved m 40 ml n/10 h> drochlonc nod and solu 
tion heated to 95 C b> immersion m boilmg water 1 ml samples taken, cooled 
to O’C for 2 nunutea, and added to 4 ml 0 7 saturated magnesium sulfate m N/1 
sulfuric acid Precipitate formed Centrifuged and protem nitrogen and activity 
determmed on supernatant liquid 


Time at 95 C hrs 


0 10 

0 20 

0 30 

0 40 

[T U)^'' 


32 8 

22 4 

7 0 

0 94 

Protein nitrogen per ml , 

1 50 

0 31S| 

0 245 

0 24S 

0 105 

IT 

mg P N 

SO 

104 I 

92 

29 

9 0 


possibly a sohd solution They mdicate, therefore, that the proteolytic 
power of the preparation is a property of the protein molecule This 
conclusion maybetestedinanumberofotherways If the proteolytic 
activity IS a property of the protein molecule then any chemical change 
m the protein should be reflected by a change m activity When a solu 
tion of the protein is heated for a short tune, the protein is denatured, 
i c , it is changed to a form which is preapitated by low concentrations 
of salt At the same time the activity is lost kVhen the solution is 
allowed to cool, however, the protein is no longer precipitated by salt 
but reverts to its original native condition, at the same time its onginal 
activity IS regained This reaction has been studied in detail and 
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reported in another paper (16) If a solution of the protein is heated 
for a longer tune, however, it does not return to its onginal soluble 
condition on cooling nor does the activity return There is evidently 
a second non-reversible reaction which changes the denatured protein 
into another form If the rate of formation of this permanently de- 
natured protein be compared with the loss in activity of the solution, 
it IS found that the decrease m activity is proportional to the decrease 
in native protein The results of such an experiment are shown m 
Table XI This experiment is carried out m the same way as that 
already reported vith the first crystalline matenal obtained (Table 
ITT) In that case the specific activity increased rapidly at first, show- 
ing that the ongmal matenal undoubtedly contained an inactive pro- 
tein In the present experiment there is also a shght increase m the 
speafic activity at first The speafic activity then remams practically 
constant until only 20 per cent of the ongmal total activity is left, it 
then decreases rapidly Evidently on long heating there is formed 
m the solution a compound which does not precipitate with salt solu- 
tion but does precipitate with tnchloracetic acid Such compounds 
are always found in the aad hydrolysis of proteins and it is not sur- 
pnsmg that they are found imder these conditions The matenal used 

in this experiment ongmally had a speafic activity of shghtly more 
than 100 On standing the activity decreased somewhat, evidently 
•with formation of a protein which is rapidly and permanently dena- 
tured by heat, so that the first few minutes heating results in a shght 
increase in the specific activity to its ongmal value This behavior 
has been noted consistently and mdicates that on standing at room 
temperature the active protein becomes transformed into an inactive 
one vhich has lost the remarkable property of reverting to the native 
condition immediately on coohng after bemg heated This expenment 

shows that v hen the protein is denatured by prolonged heating there 
is a corresponding loss in acti\aty and therefore agrees with the result 
expected if the acti\aty were a property of the protein molecule 
Pepsin Digestion — It is known that pepsin digestion destroys the 
tr^-ptic acti\ut} of a solution (Longand Johnson, Long and Hull (23)) 

If the proteolytic actmty v ere a property of the native protein mole- 
cule it vould be expected that the loss in actmty durmg pepsin diges- 
tion would be proportional to the loss of native protein If, on the 
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Other hand, the proteolytic activity were due to some molecular 
speaes accompanymg the protem, it would be expected that the pro 
tern concentration would decrease more rapidly than the activity since, 
so far as is known, pepsin acts only on proteins This result would 
also be expected if the matenal were a mixture of an inactive with an 
active protem, since the rate of hydrolysis of different protems with 
pepsin IS highly specific This would result in a change m the specific 
activity when calculated on the basis of total protem present The 
same result would be obtained if any portion of the protem molecule 

TABLE xn 

Decrease in ictivity and Protein Concentration in Trypsin Solutions Digested by 
Pepsin 

i gm crystalline trypsin cake dissohed in 30 ml M/lOO hydrochloric acid at 
35 5°C 0 5 ml crystalline pepsin solution containing 0 28 nig protem mtrogen 

added Protem mtrogen determmed with 2 5 and 18 per cent trichloracetic aad 
Activity determmed by gelatm viscositv method The activity due to pepsm was 
neghgible. 


Tune at 35 C , Ar/ 

0 

1 . 

2 

4 

8 

24 

48 


IT 1 

125 

99 

74 

56 

40 1 

20 1 

10 

3 

Protem nitrogen per ml mg 









18 per cent CCliCOOH 

1 49 

1 24 

1 1 

0 96 

0 79 

0 51 

0 

40 

2 S CCljCOOH 1 

1 21 

0 93| 

0 62 

0 51 

0 40] 

0 23 

0 

20 

IT U 1^®^ 

^ W P N 1 









18 per cent CCLjCOOH 

84 

80 

67 

58 

51 

39 

26 


2 5 CCLjCOOH 1 

103 

107 

119 

no 

100 

87 

52 



retained any appreaable activity In this case the specific activity 
of the total protem left m solution would increase smee the activity due 
to the fragment of the protein molecule would be added to that due to 
the unchanged protem itself The result of an experiment in which 
crystalhne trypsm was digested wnth a very small quantity of crystal 
hne pepsm is shown m Table XII The total protein present m solu 
tion was determmed by preapitation with 2 5 per cent and also with 
18 per cent trichloracetic aad No quantitative method exists by 
which the native protem alone can be determined but the nitrogen 
preapitated by 2 S per cent trichloracetic aad is probably not far 
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from the correct amount 18 per cent trichloracetic acid precipitates 
considerably more mtrogen than 2 5 per cent and if any of the higher 
split products of the protein retained any activity, it might be expected 
that the specific activity calculated from nitrogen precipitated with 
18 per cent tnchloracetic aad would be more constant than that ob- 
tained when 2 5 per cent tnchloracetic acid is used The results of 
the experiment, however, show that the specific activity calculated on 
the basis of the nitrogen precipitated with 2 5 per cent tnchloracetic 
acid remains constant until more than 70 per cent of the total activity 
is lost, while the specific activity calculated on the basis of 18 per cent 
tnchloracetic aad decreases rapidly Apparently, therefore, as soon 
as the protein is spht so that it no longer precipitates with 2 5 per cent 
tnchloracetic acid all its activity is lost and even the fragments still 
large enough to precipitate with 18 per cent tnchloracetic acid possess no 
activity The results indicate that the proteolytic activity is a property 
of the entire molecule as is the case with the (reversible) oxygen com- 
bining power of hemoglobin It was found that this experiment was 
a very sensitive test for the punty of the preparation used, as is the 
effect of heating in acid Preparations which have become partially 
inactivated show at first a rapid increase in the specific activity under 
these conditions due to the fact that the inactivated, denatured pro- 
tein IS more rapidly hydrolyzed than the active, native protein With 
such preparations, therefore the initial specific activity is low but 
increases rapidly until it reaches a figure of about 100 and then remains 
constant 


Alkah Inactivation 

■\^Tien a solution of trypsin is allowed to stand m slightly alkaline 
solution the protein decomposes rapidly (16) so that these conditions 
furnish another method of companng changes in the protein and 
changes in the actmty The results of an experiment under these 
conditions are shovn m Table XIII They are similar to those ob- 
tained vnth pepsin digestion in that the decrease in activity is very 
nearly proportional to the decrease in protein nitrogen as determined 
b) 2 5 per cent tnchloracetic acid, and is greater than the loss in pro- 
tein mtrogen as determined by IS per cent tnchloracetic acid They 
indicate again that the proteolj tic property is lost so soon as any 
change occurs in the onginal natne protein molecule 
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The hjdrolysis of the protein under these conditions may be as 
cnbed to several possible mechamsms It may be simply a case of 
the usual alkali hydrolysis of protems, or it may be considered that 
the protem digests itself, and in either case it might be supposed that 
the formation of denatured protem was an intermediate step m the 
reaction so that the experiment as a whole might be considered simply 
as a vanation of the result already obtained (16) to the effect that 
the activity is lost when the protem is denatured 

TABLE Xm 

Decrease vi Aclivzly and Protexn Nitrogen Conceniralion of Trypsin Solutions tn 
Sodium Bicarbonate at 35 5'^C 


0 50 gra cr>sta!lme triTism filter cake dissolved m 15 ml N/lOO sodium bicar 
bonate at 35 5®C Protem nitrogen determmed by preapitation with 2 5 or 18 
per cent trichloracetic acid Activity determined by viscosity pH 4 0 gelatm 


Time at 35 5 C hs 

0 

0 5 

1 0 

Protem nitrogen per / 18 per cent CChCOOH) mg 

1 0 1 

0 66 

0 54 

ml solution \2 5 “ " CCljCOOH) mg 

0 8o 

0 46 

0 40 

[X 

116 

52 

34 

[T TT CCljCOOH 

^ W P N \2 5 “ ‘ CCljCOOH 

116 

79 

1 62 

(136)> 

113 

84 


^ This figure is based on one experimental value and is probabh an cxperunental 
error 
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n General Properties 
B v JOHN H. NORTHROP and M KUNITZ 

[From the Lahoralones of The Rochcjdler Imhtule for Medical Research, 
Princeton, N J) 

(Accepted for publication, June 22, 1932) 

The isolation of a crystalline protein having constant properties, 
including powerful proteolytic activity, was described m the preceding 
paper (1) Experiments were also described which showed that 
destruction of the protem by any method tned resulted m a corre- 
spondmg loss m proteolytic activity The present paper describes 
some of the general properties of the preparation 

Exkni of Hydrolysis 

It was pomted out m discussmg the method of preparation, that, 
as punfication is contmued, the extent to which the hydrolysis is ear- 
ned decreases rapidly and m fractions after No S the hydrolysis stops 
at an increase in formol titration of about 9 ml n/SO per 5 ml 5 per 
cent protein solution for casern and 7 ml for gelatin This figure is 
mdependent of the quantity of the enzyme used and also of the time 
over which it acts In other words, it is a final eqmhbnum value 
This figure represents very nearly an mcrease of 100 per cent in the 
number of free carboxyl (or aimno) groups of casern and of 200 per 
cent for gelatm and shows that the action of this punfied enzyme con 
sists m sphttmg the molecule once for each free ammo (or carboxyl) 
group already present in casern, and twice in gelatm The data for 
an experiment m which this maximum hydrolysis was determmed are 
shown m Fig 1 It will be noted that this total mcrease corresponds 
approximately to that defined by Willstatter (2) as one tryptic umt 
It IS evident, therefore, that the method of determming tryptic acti\atj 
used by Willstatter and his collaborators cannot be used for the protco- 
1} tic enzyme obtained m the present experiment smee the digestion 
295 
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follows an entirely different course with the purified enzyme from 
that of the ongmal crude matenal This applies to the form of the 
curve obtained as well as to the final value This result has previously 
been reported by Schonfeld-Remer (3) 

Fig 1 IS plotted on a small scale so that the initial stage of the reac- 
tion does not appear In Fig 2 the first part of the reaction is plotted 




on a large scale The figure shovs the stnking difference in the form 
of the reaction cur\ e as determined with crystalhne or crude trypsin, 
cither b\ formol titration or the production of non-protein nitrogen 
Since the cur\’es obtained with the crude and crystalhne fraction cross 
in tvo points, it is e\ident that they cannot be made to coincide 
throaghout All the cur\es,‘hove\er, are straight lines, within the 
experimental error, up to an increase in formol titration of about 1 ml 



FonnolTltfation p«r6inl 4>4Cosetn Solution Nbn-proteInNpcr 5inl4?i Casein 
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ml 

^0 




Fig 2 
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or an increase m soluble nitrogen corresponding to an increase of about 
5 ml n/50 alkali, and in this part of the reaction therefore the curves 
may be superimposed It follows from this that the curve obtained 
with the crude matenal cannot be used to measure the activity of the 
punfied fraction except over this very small mitial part of the curve 
If the part of the curve beyond this point is used, it will be found that 
a different figure for the activity of the preparation will be obtained 
with each different concentration so that the figure is meamngless 
The effect of the protein concentration on the rate of reaction also 
vanes with the punty of the enzyme (Northrop (4)) 

The extent of hydrolysis of casein with trypsm-kmase, as reported 
by Abderhalden and Schwab (5), Waldschmidt-Leitz and Simons (6) 
IS much greater than that caused by the crystallme trypsin and agrees 
approximately with that found with the crude fractions This result 
shows that the enzyme isolated in the course of this work is different 
from that described by Waldschmidt-Leitz It is possible that the two 
enzymes are entirely distinct but it seems more probably that the 
trypsm-kmase still contains some of the peptonases The fact that 
more than half of the ongmal protease activity is contained m the 
final crystalhne fraction shows that the crystalhne material represents 
the pnncipal protase present m the crude matenal 
The fact that the crude preparation carries the hydrolysis much 
further than does the punfied enzyme might be due to the fact that 
there is present in the crude matenal some substance which acts as a 
coenzyme and which enables the trypsin to attack the primary product 
resulting from the hydrolysis of the protein An effect similar to this 
has been descnbed by Abderhalden (7) who found that enzyme frac- 
tions which could not hydrolyze some polypeptides acquired the 
ability to hy drolyze these substances when some of the decomposition 
products were added to the digestion mixture If this mechanism 
were correct it would be expected that the action of the purified and 
crude matenal mixed together would be greater than the sum of the 
two actions separately and also that the addition of heated crude 
matenal to the pure enzyme would allow digestion to proceed further 
than with the pure enzyme alone, since such coenzymes are usually 
heat stable If, on the other hand, the extent of hydrolysis were due 
to the fact that the crude matenal contains one or more enzymes 
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capable of attacking the products formed by the trypsin itself, it would 
be expected that the acbon of the purified enzyme should be inde- 
pendent of the presence of the crude fraction These possibdities 
were tested by adding crude and crystalline trypsm to a solution of 
gelatm which had already been digested with the crystalline enzyme, 
and which had then been boiled to mactivate any enzyme remain 
mg The results of this experiment are shown in Table I The ex- 
periment shows that the crystalline trypsin is unable to carry digestion 
any further, even when the inactive, crude preparation is added, and 

TABtE I 

Extent of Hydrolysis of Gelatin nith Mixtures of Crude and Crystalline Trypsin 

4e7 

Crystalline trypsm solution 0 OOS mg protein nitrogen perml OSfTU 

Crude trypsm solution 0 025 mg protein uUogen per ml. 0 5 (T U 
Gelatin — 5 per cent pH 7 6 m u/10 7 6 phosphate bufier 

ISO ml gelatin solution 4* 5 nil crystallme tiypsm solution 35 5 C for 48 hrs boflcd 
J hr 

Digestion mixture made up os follows 


Gelatin solution (boiled) ml 1 




wm 

tm 

i w 

CrystaUme trypsm solution ml 


[oil 


0 1 

01 


Active crude try psm ml 




0 1 

BU 


Boiled crude trypsm ml i 


0 



m 


Fonnol titration (ml n/ 50 NaOH) per 5 
ml at 35 C after20hrs ,ml 


m 


3 0 

3 05 


After 48 hrs 


' 0 15| 


4 8 




also that the rate at which the digestion proceeds with the crude prepa 
ration is not increased by the addition of the crystalline trypsm The 
results as a whole, therefore, indicate that the difference m the extent 
of digestion is due to the presence of several enzymes m the crude 
matenal rather than to any activation effect of the crude material 
on the trypsm itself 

H'ydrolysts hy Trypstn Following Pepsin 
The crystalline trypsm hydrolyzes casein less than does pepsin, 
and gelatin to about the same extent but the hydrolysis occurs at 
different Imkages with the two cnz3Tnes This is shown by the fact 
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that gelatin or casein solutions, pre\-iousl5’- digested by pepsm, are 
hydrotyzed to the same extent, with crystalhne tr}'psin, as are the 
ongmal protein solutions 

A summar}' of an experunent m which casern and gelatm were first 
digested m aad solution with an excess of crystalhne pepsm and then 
digested at pH 7 6 with cr3*stallme tiypsm is shown m Table H The 
solutions m every case were titrated first to about pH 7 4 and the 
formol titration detenmned from this pomt so that the figures are 
comparable The table shows that pepsm or trjTpsm alone ver}* nearly 
tnples the formol titration of gelatm and also that tix-psm digestion 
foUowmg pepsin causes nearly the same mcrease as when tr3-psm acts 
on the ongmal protein solution Either en2}Tne, therefore, triples 

TXBLE n 


Hydrolys s of Gclai.n and Case n -^'th Crys'cHu.c Pepsin and TrypSin 
Formol titration per 5 ml 5 per cent protein solution, pH 7 0, ml x/50 sodium 
h\ dro-ade 


P'oiein 

Ci'c.tt 

total 

Iccreass \ 

GeliUn 

toUl 

Iccreosi 

Ongmal protem solution 

9 0 


4 0 

■i 

\fter pepsm digestion alone ' 

27 0 

IS 0 

11 5 


\fter tij-psm digestion alone 

IS 0 

9 0 

11 0 

Bl 

After pepsm digestion folIoTved b} trj'psm i 

36 0 

27 0 

19 0 

n 


the number of titrable groups present so that there must be tuo 
hydrolyses for each ongmal carboxjd group Smee gelatm onginalh* 
contains about 30 aad groups per molecule, as detenmned by this 
method of titration, h\'drol3'sis b}- either pepsm or tix-psin alone must 
take p^ace in about 60 places in the gelatin molecule The tuo en- 
z\-me5 together therefore, cause hydrolysis at about 120 groups The 
formol titration of casein solutions is onh* doubled b\' tixpsin digestion 
so that mth this protein hydioh*sis occurs at about 100 places in Uie 
molecule since there are about 100 titrable groups per mole of casein 
This IS less than the mcrease caused by pepsin alone, which corresponds 
to an mcrease of 200 or 200 per cent m the number of titrable groups 
The action of both enz^nnes on casein liberates about 300 new groups 
from the casein molecule 
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Crude trypsin preparations carry the digestion of such peptone 
solutions at least three times as far as does the crystallme trypsin 

Ejfeci of Enterokinase on the Actiotiy of the Crystalhne Trypstn 

Trypsm is known to exist m the pancreas m an inactive form, named 
trypsmogen The active enzyme appears when the trypsmogen is 
mixed with mtestmal jmce or tissue extract This activating effect 
of mtestmal juice is assumed to be due to the presence of a substance 
called enterokmase It is also known that trypsm becomes active if 


TABLE m 

Efut of Enterohnast on Glycerine Extract oj Dried Pancreas and on a SoUiiion of 
Crystalline Trypstn 


Glycerin extract prepared according to WiUstatter, diluted 1/10 Kinase 
solution after ‘Waldschmidt Leitz 1 ml enzyme solution + 4 ml kinase, 30 
minutes at 30 C Activity determined- 



Sum solotloQ 

OriglnU enxyiae tohitioa 

N/nL 

IT UIbJ, 

rroi^PN 

Active 

Ifltctive 


AttV 


Cat-S 

4 7 el 

Cas-p 

Cu S 


ml 

ml 








Gl>C€nn extract 

0 

4 

0 21 






im 


2 

2 

0 21 


0 008 

0 09 

119 

0 042 


Cr> stallme trypsm 

0 

4 


7 S 

0 0014 

0 017 


0 17 

Him 


2 

2 


7 7 

•BHOKK 

0 015 

920 

0 16 



4 

0 


6 3 

'iMIIMVV. 

0 015 

750 


||:fl 


0 



77 


0 017 

900 


2 05 


chopped pancreas or pancreatic extract is allowed to stand, cspeaally 
m slightly aad solution 

The raw matenal used in the present work was obtamed from pan 
creas which had stood for some tune and it is probable that activation 
had already occurred No attempts to activate it were made during 
the activity determinations since this procedure would undoubtedly 
lead to the isolation of an imknown mixture of active plus inactive 
enzyme The activity of the crystallme enzyme is not increased by 
the addition of enterokinase as is shown by the experiment reported 
m Table III 
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The kinase and the glycenn pancreatic extract were prepared 
according to Willstatter and Waldschmidt-Leitz (9) and their condi- 
tions for activation were used (2) The composition of the solutions 
for activation is given m the left side of the table The volume was 
made up to 5 ml in each case with kinase solution which had been 
boiled m order to keep conditions as nearly constant as possible The 
experiments with glycerm extract show that the kinase was active 
Control experiments showed that the boiled kinase did not interfere 
with the reaction, and also that neither active kinase nor boiled kinase 
alone has any effect on the methods of detenmning activity The 
activation mixture was kept for | hour at 30°C and then analyzed 
for activity by the usual methods The resulting speafic activity 
has been expressed as the number of activity units (8) per milligram 
protein mtrogen of the original enzyme solution The results show 
that the kmase brought the specific activity of the glycerm extract 
up to about that of the pancreatic extract used as a startmg point in 
this work The specific activity of the crystalline trypsin is not 
affected by the addition of the kinase 

Since, according to Waldschmidt-Leitz (10) the reaction between kinase and 
trj’psm IS stoichiometric, it is necessary to be sure that there is an excess of kinase 
present smce the addition of a small amount of kmase to a mixture already con- 
tammg a large amount of active enzyme would show no effect The quantity of 
active enzj'me used in this experiment, therefore, is the mmimum quantity which 
could be detected by the methods used and represents about the same order of 
actiwtj as that of the acUvated gl>cerm extract 

Effect of pH on the Rate of Digestion of Casein by Trypsin 

The rate of digestion of a 5 per cent casein solution titrated to van- 
ous pH and at 35 5°C was determined by following the formation of 
nitrogen not preapitated by 5 per cent tnchloracetic acid at different 
time intervals The initial rate of the reaction was determined from 
the slope of these curves The result of the experiment is showm in 
Fig 3 in which the maximum rate observed is taken as 100 per cent 
For companson determmations made previously with crude trypsin 
preparations are included (11) There is no marked difference between 
the tvo curx'cs and both show a rather flat maximum extending from 
about pH 7 5 to 9 5 
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General Prolein Tests 

AOS per cent solution of the material gave positive tests mth 
Biuret, Millon, xanthoproteic, and Fohn’s tyrosine reagent (12) 

In 0 0005 per cent solution, which is approximately the concentra- 
tion used for activity detenmnations, all the protein tests were nega 
tive It IS therefore perfectly possible to have active solutions or 
preparabons of the enzyme which give no protein reaction, sunply 
because they are too dilute 



Number oj Carboxyl Groups 

0 137 gm of the protem dissolved m 5 ml water (pH 8 0) required 
7 0 ml N/SO alkah for formol titration This corresponds to 0 001 
equivalents of ammo (or carboxyl) groups per gm , or 34 per mole 

Molecular Weight 

The molecular weight of the protem was determmed by osmotic 
pressure measurements in i saturated ammonium sulfate and pH 4 0 
acetate buffer The experiments were done with different concentra 
tions of the protem and the pressure was read some time after it 
remained constant The results of the experiment are shown in Table 
IV The molecular weight IS about 34,000 
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Dckrmivaiio:: of llz Df^'sswn Co:jiCtC7if- 

The determination rras carried out as described b}' Nortiirop and 
Arson (lol and the quantit}* of material diSusing determined both b}* 
total nitrogen and bv proteolytic actimiy- In tbe case of Cell 2 less 


TAStE I\' 
Orroi.c Ftcssu'C 


20 gta- cTitsIlins trypsn Ster cate dissolved m \ saturated ammomum sulfate 
■dH AO acetate barer Solution put in ro£±mg osmometer in same solvent at 5°C 
Osmotic pressure determined after 24 nouis Solution anahmed for protem 



TABLE V 


DjAs-'^n Ccr^'sri of Crystal rc Tryps.r, 


Ce-i No 

' 2 ; 

1 

4 

2 

4 

Cell crnstant (nemotiobm 

j 

|o 




smacarc) 

0 054 


0315 

0 054 

0 0315 

So eat 

OS saturated mag- 



0 5 saturated mag- 



aenum sulfate 



nesium suliate 



ic/10 acetate buf- 



sulfunc aad pH 



fer pH AO 



30 


-S'’ ea-5’C era sea. era 

0 0503 ' 

0 

0505 

0 0362 

0 0362 

Sp a so * sa* 5 C era, era 

1 115 

1 

115 

1 145 

1 145 

v.-emae F cm.- caj 







0 0207 =0 001 1 



0 01S7 =0 001 



0 021S =0 OOl 1 



0 020 =0 002 



' 2 72 X 10— cm 



2B X 10- cm 



10 per cent of the dissolved protem amused out durmg the course 
of the experiment mhlle rrith Cell 4 about 25 per cent diffused out 
The res alts of the experiment are shomn m Table The value for 
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the diffusion coeffiaent is the same withm the experimental error for 
both cells and for both methods of determmation 
This is direct experimental evidence that the molecules responsible 
for the proteolytic activity are the same size as those which contain 
the protein mtrogen and that the enzyme molecule cannot be separated 
from the protein molecule by fractional diffusion The average value 
of the diffusion coef&aent is 0 020 ±0 001 cm per day, correspondmg 
to a molecular radius of about 2 6 X 10"’ cm 
The volume of 1 mole of (hydrated) protein is therefore (2 6 x 
10"’)’ X 4/371 X 6 06 X 10 ’ = 44,700 cm ' From the osmotic pressure 
measurements the molecular weight of the anhydrous protein is 34,000 
If the specific volume of anhydrous protem is assumed to be 0 75 (the 
value generally found for protein), this corresponds to a molecular 
volume of (anhydrous) protein of 26,200 ml Therefore, each mole 
of protein earned with it about 18,500 gm of water, which cor- 
responds to about 0 53 gm of water per gm of anhydrous protein, and 
a molecular weight for the hydrated protem of 53,500 

Bydralton front Viscostly Measurements 
Hydration of trypsin was determined by measunng the viscosity 
of vanous concentrations of crystallme trypsm in 0 5 saturated magne- 
sium sulfate pH 4 0 at S^C The results showed that the trypsm is 
hydrated to the extent of 0 5 gm of water per gm of dry trypsm and 
is mdependent of the concentration of trypsm m the range of 4 0 to 
0 8 gm of protein per 100 ml of solution The hydration value was 
calculated from the specific viscosity by means of Kunitz’s formula 
(14) The speafic gravity of the anhydrous protem was assumed to 
be 1 33 The value obtamed m this way agrees very closely with that 
calculated above from the diffusion and osmotic pressure measurement 

Isoelectric Point 

If a solution of the crystallme trypsm is added to boihng m/10 phos 
phate buffer of vanous pH, a preapitate is formed betw een pH 7 0 and 
8 0 This preapitate undoubtedly consists of denatured protein and 
the relation of this zone of preapitation of the denatured protem to the 
isoelectnc point of the native protein is therefore somewhat doubtful 
Cataphoresis measurement showed that the isoelectnc point of col- 
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lodion particles suspended m dilute solutions of trypsin in different 
buffers is about pH 6 0 in m/SO acetate, about pH 7 0 in m/50 phos- 
phate, and between pH 5 0 and 6 0 in the presence of m/50 ammonium 
sulfate These results indicate that the isoelectric point is m the 
neighborhood of pH 7 0 but its exact position can only be determmed 
by transport measurements Apparently, however, it is more towards 
the aad side than that found for crude trypsin preparations by means 
of the distribution of the enzyme in gelatin particles (Northrop (16)) 
which indicated an isoelectric point at about pH 10 0 Willstatter 
(17) also concluded from the behavior with vanous adsorbents that the 
enzyme with which he was working had an isoelectnc point quite 

TABLE VI 

hiachvation of Trypsin Solultons at 30°C and Various pH 


About 5 per cent solution of crj’stallme trypsin made up m i saturated 
ammonium sulfate and increasmg amounts of sulfuric acid pH measured and 
activity determmed after vanous time intervals at 35°C 


Final concentraUon 
HsSO, 

pH (clcctromctnc) 

n/4 

1 5 


n/16 

2 16 

i 

N/32 

2 42 1 

1 

n/64 

2 64 

n/128 
2 81 


n/512 
3 0 

n/1024 
3 12 

Time at 30'C 

Per cent ol onginal acUvit> after mcreasiDE Ume at JO'C 

hs 







i 



46 

81 

100 

95 

80 

60 

50 

1 48 

44 

i 31 

70 

67 

76 

74 

62 

39 

35 

30 

26 

26 


far on the alkalme side The enzyme descnbed m this paper, how- 
ever, IS undoubtedly different from that with which Willstatter’s 
experiments were done 

The Efccl of pE on the Stahhty of Trypsin 

The rate of inactuation of a solution of crystalline enzyme m j 
saturated ammonium sulfate at 30°C was determined The activity 
determinations were made by the gelatin viscosity method The 
results of the experiment are shown m Table \T There is a rather 
sharp maximum for stability at about pH 2 under these conditions 
The results in general are quite different from those obtained by 
the wnter (26) and by Pace (27) with crude tripsin preparations since 
the crude preparations were found to be most stable at about pH 6 0 
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DISCUSSION 

The experiments descnbed m these papers show that a crystalhne 
protein may be isolated from pancreas which has constant physical 
and chemical properties includmg mtense proteolytic activitj The 
protein has been studied under a vanety of conditions which would be 
expected to show evidence of mixtures without causmg any demon 
strable change m its characteristic properties If the matenal were 
other than a protem these experiments would justify the statement 
that It was a pure substance Smee it is a protem, however, it is 
quite possible that the matenal may be a sohd solution, as m the case 
of proteins such sohd solutions frequently exist and are extremely 
difiScult to fractionate mto their components The problem is ren 
dered unusually difficult in this case by the extremely unstable nature 
of the protem It seems unlikely, however, that the matenal contains 
any non protem molecular speaes The constant composition under 
vanous conditions of fractionation precludes the possibihty of an 
adsorption compound since it is charactenstic of these compounds 
that their composition vanes with the conditions of precipitation 

Even though the crystallme matenal is a mixture or sohd solution 
and not a pure substance, there seems good reason to beheve that the 
proteolytic activity and the protein properties are attnbutes of the 
same molecule This conclusion is confirmed by a number of expen 
ments m which it was found that any change in the protem properties 
caused a correspondmg decrease m the activity of the solution Dena 
turation of the protem by heat, hydrolysis by aad or pepsin or alkah 
all cause the concentration of native protem m the solution to decrease 
and this decrease is accompanied by a correspondmg decrease in 
activity In addition, the denatured, mactive, protein formed by 
heabng the solution reverts to the native condition when the solution 
IS cooled and at the same tune the normal speafic activity returns 
(18) In order to account for these results on the assumption that 
the activity is due to the presence of some non protein molecule, it is 
necessary to assume that this hypothetical molecule cannot exist in 
the absence of the protem and also that it regains its activity under 
the same conditions as cause the denatured protein to return to the 
native form In the absence of positive proof for the existence of such 
a hjTiothetical molecule these assumptions seem unlikeU So far as 



308 


CRYSTALLmE TRYPSIN H 


the wnter is aware, there is no positive proof of the existence of such 
molecules and the assumption that they exist rests merety on the nega- 
tive fact that most of the attempts to prepare pure substances, i c 
those with constant properties including enzymatic activity, have 
been unsuccessful On the other hand it is, of course, impossible to 
disprove the existence of such molecules Smce nothing is known of 
the properties of these hj^iothetical active molecules it would be per- 
fectly logical to assume that they are proteins themselves, espeaall}’’ 
since the general properties of enzymes such as mactivation by heat, 
adsorption on surfaces, and destruction by strong aad or alkah are 
in general those of protems 

Active enzyme preparations have been obtained which contain very 
small amounts of protein , on the other hand extremely actn e prepara- 
tions of urease, pepsm, and trypsin, and amylase have been obtamed 
which are pure, or nearly pure protems If it be assumed that the 
activity of these protein preparations is due to the presence of some 
minute amount of a non-protein molecule, it is equally reasonable to 
assume that the activity of the non-protem preparation is due to the 
presence of a minute amount of protem 

The fact that m other cases the enzjmatic actimt}’- may vary mde- 
pendently of the total protem content of the preparation proves only 
that some of the protem present is inactive but not that all of it is 
inactive 

Numerous experiments have been reported m the hterature m which 
solutions of pepsm and other enz}Tnes have been found to give negative 
protem tests although they are active These experiments are also 
mconclusu e smce the acti\nty test is far more delicate than the chemi- 
cal test for protems For mstance, a solution of cr^'stallme tr>"psm 
or pepsm containing less than 1/1,000,000 of a gram of protem nitrogen 
per milliliter has an accurately measurable effect on the digestion of 
casein, vhile solutions of pepsm contammg less than 1/10,000,000 of a 
gram of nitrogen ha\ e a \ er}* powerful effect on the coagulation of milk 
Such solutions gve negati\e results vith protem tests but the dr>’ 
matenal from vhich the solutions are made is practically pure pro- 
tem The minimum concentrations of these enz3-mes vhich can be 
detected are at least ten times less than the concentrations mentioned 
abo\ e and are of the same order of magnitude as the concentration of 
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respiratory ferment m yeast as calculated by Warburg and Kubo- 
witz (19) 

It appears to the writers, therefore, that the assumption that 
enzymes are proteins is in the best accord with the facts up to the 
present time Since these proteins possess charactenstic enzymatic 
actmty, m addition to the usual properties of protems, they must 
possess some charactenstic chermcal structure which may or may not 
be an ammo acid complex The problem is the same as m the case 
of insuhn (20) In general, most properties of molecules caimot be 
considered quantitatively as the sum of the properties of the vanous 
groups or atoms of which they are made, but must be considered as 
properties of the whole molecule Thus, the optical activity, color, 
strength of aad groups, etc , of any one molecule depends qualitatively 
on the presence of a certam group or groups, but quantitatively, the 
property is affected by any change m the molecule For mstance, to 
possess optical activity a molecule must contam an asymmetnc atom 
but its specific opbcal activity will change with any change in the 
molecule and it is impossible to isolate a group from the compound 
possessmg the optical activity of the whole molecule The same is 
true of the color of dyes to a more marked degree 

Hemoglobm presents perhaps the best example This substance 
has the general properties of a protem but m addition possesses the 
remarkable property of combinmg reversibly with oxygen It acts 
as a catalyst m certam oxidation reactions and might, therefore, be 
considered an enzyme The property of combinmg reversibly with 
oxygen is assumed to be due to the presence of the iron pyrrol group 
but denaturation of the protem, a reaction common to all proteins, 
destroys its power of combinmg reversibly with oxygen although the 
denatured protein still contams the prosthetic group 

Krebs (21) has shown that heme itself is a very poor cataljst but 
when combmed with certam nitrogenous groups it forms hemochro 
mogens, some of which are ver^ effective catalysts Thus the cata 
lytic properties of hemoglobin and these related compounds are all due 
to the presence of the heme group, but this group when isolated has 
httle or no catalytic activity and the catalytic power of the \ anous 
heme compounds depends upon the substance with which the heme 
15 combmed It is quite possible that the same general condition 



310 


CRYSTALLINE TRYPSIN H 


applies to Other enzjTiies and that there are an indefinite number of 
closely related enzymes depending upon the compound Ynth which the 
characteristic group is combmed This point of mew does not differ 
very much from that developed by WiUstatter (22) and his collabora- 
tors except that it regards the vanous active compounds as definite 
chemical mdividuals rather than as adsorption complexes of varjing 
composition 

At the present time, however, there is no direct emdence of the 
existence of any pecuhar prosthetic group not found m other proteins 
and it IS qmte possible that their activit}’’ depends on some pecuhar 
arrangement of the ammo aads, as Jensen (20) has suggested m the 
case of msulin 


Mechanism of the Catalytic Effect 

Sorensen (23) has shown that protein solutions m the presence of 
the sohd phase are m true equihbnum and that the system as a whole 
is a two phase one as defined by the phase rule The protem solution, 
therefore, consists of one phase. The solubihty experiments with 
pepsm (24) and tr 3 q)sm give the same result These results show that 
the catalytic reactions caused b}' pepsm and tiypsm m protem solu- 
tions are homogeneous rather than heterogeneous 

SUMMARY 

A method is desenbed for isolatmg a cr>'stalhne protem of high 
tcjiitic activity from beef pancreas The protem has constant proteo- 
lytic actmty and optical activity under various conditions and no 
indication of further fractionation could be obtamed The loss m 
actmty corresponds to the decrease m native protem when the protein 
is denatured by heat digested by pepsm or hydrolyzed m dilute alkali 
The enz^une digests casein, gelatm, edestm, and denatured hemo- 
globin but not natn e hcmoglobm It accelerates the coagulation of 
blood but has little effect on the clotting of milk It digests peptone 
prepared b\ the action of pepsm on casern, edestm or gelatm 
The extent of the digestion of gelatm caused by this enz\me is the 
same as that caused oy crx’stallme pepsin and is approximateh equiva- 
lent to tnplmg the numoer of carboxxl groups present in the solution 
The acti\nt\ of the preparation is not increased b_v enterolanase 
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The molecular weight by osmotic pressure measure is about 34,000 
The diffusion coefficient in 4 saturated magnesium sulfate at 
6°C IS 0 020 ±0 001 cm * per day, corresponding to a molecular radius 
of 2 6 X 10“^ cm 

The isoelectnc pomt is probably between pH 7 0 and pH 8 0 
The optimum pH for the digestion of casern is from 8 0-9 0 
The optimum stabihty is at pH 1 8 
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A number of methods may be used to follow the digestion of protems 
by trypsin (1) Since we uere pnmanly interested m the protein 
sphttmg enzyme, the methods for measurmg the activity were chosen 
so as to be limited as much as possible to the changes in the protein it- 
self rather than the later steps m the digestion This is all the more 
necessary in the case of trypsin smee it is known that digestion of pro 
teins by crude pancreatic extract consists of a senes of reactions The 
first detectable change in protein solutions caused by proteolytic en 
zymes is a marked change m viscosity of the solution This is followed 
by the appearance of nitrogen in a form not precipitated by tnchlor- 
acetic aad and also bj an mcrease in the number of carboxj 1 and amino 
groups The change in viscositj is probably entirely due to changes in 
the protem itself and so measures only the hydrolysis of the protein 
The formation of nitrogen not preapitated bj trichloracetic acid also 
measures principally changes in the protem but also some of the subse 
quent changes The mcrease in carboxyl groups measures the total 
hj drolysis and, as usually earned out, does not measure the hj droh sis 
of the protem itself 

This IS owing to the serj high molecular weight of the protein In the case of 
casein for example, 5 ml of 5 per cent casern at pH 7 0 goes a formol Utration of 
about 9 ml n/ 50 sodium hydroxide It is therefore about 0 04 normal Smeethe 

50 

molecular weight of casern is about 100 000 (2) a 5 per cent solution is - ” 

0 0005 molar Therefore each molecule must contam about 100 titrable car 
boxy 1 groups If all the casern molecules were spht once there would result an 

mcrease of only one more group and the titration would mcrease ^ X 9 — 0 09 
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ml n/50 alkali, which is close to the error of titration Complete destruction of the 
casein could therefore occur before any mcrease m titration could be accurately 
determined even with n/50 alkali This fact has led to the statement (3) that 
there is a purely physical change m protem solution not accompanied by any 
cheimcal change It follows, on the other hand, that an increase in titration of 
9 ml n/50 sodium hydroade (eqmvalent to 0 9 ml n/5) must represent the 
appearance of 100 new carboxyl (or ammo) groups It is evident, therefore, that 
the mcrease of formol titration, if earned out with n/5 alkali measures principally 
the later stages of digestion and even if earned out with n/50 alkali can hardly be 
considered as the result of hydrolysis of the protem itself 

Any method of expressing enzymatic activity, to be significant, 
must yield figures which are independent of the concentration of the 
enzyme solution used In general the amount of change caused by 
the enzyme is only proportional to the enzyme concentration m the 
early stages of the reaction and for this reason, in addition to the rela- 
tion to the protein, the determination must be restneted to the initial 
stages The activity units used m the present work, therefore, are 
defined in terms of the initial slope of the reaction curve The deter- 
mination is confined to that portion of the digestion curve which is a 
straight line, within the experimental error 
Evidence has frequently been presented to show that there are sev- 
eral proteolytic enzjmies in pancreatic extract (4) which differ in their 
relatu e speed of hydrolysis of vanous protems, especially gelatin An 
enz>-me especially active in the hydrolysis of gelatin was found to be 
present (5) in crude pepsm preparations In order to detect such 
effects It IS advisable to use vanous protems In the present work, 
therefore, the activity has been determined by the change in viscosity 
of gelatin and casein solutions, the increase m formol titration of gelatin 
solutions, and the increase in formol titration, and in the appearance of 
non-protein nitrogen in casein solutions 
The acti\ ity has been defined m terms of the reaction rate as follows 
(all reactions w ere earned out at 35 5°C ) 

GclaUn Viscosity [T Z7]''®’ — change of 1 per cent per minute in 
the speafic xnscosit\' of 2 5 per cent gelatin solution, containing 1/8 
saturated ammonium sulfate and it/lO pH 4 0 acetate buffer 

^ Speafic \n5cosit\ is defined as the \nscosU\ of the solution minus that of 
’7. — ’7n-o 


water, t f , 


^H-O 
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Gelatin Formol[T or Casein Foriitol[T — ^Liberation 

of carboxyl (ammo) groups from 6 ml standard digestion mixture pH 
7 6 in m/10 phosphate buffer pH 7 6 at the rate of 1 rmlliequivalent 
per mmute 

Casein, Soluble Nitrogen [T U — Formation of mtrogen soluble 

in 5 per cent tnchloracetic aad from 6 ml standard digestion mixture 
at the rate of 1 milliequivalent per mmute 
Casein Viscosity [F Vf" '' — Change of 1 per cent per mmute in the 
specific viscosity of 5 per cent casern solution pH 7 6 m M/10 phosphate 
buffer pH 7 6 

The specific activity of the various preparations is then defined as 
the numher of umts of activity which would be observed when a 
quantity of the enzyme preparation contammg 1 mg protein mtrogen 
was present in S 2 (viscosity method) or 6 ml of the digestion mixture 
The speafic activity is abbreviated as [T U ]„5 rn etc 

Relation to Willstatkr’s Activity Unit (6) 

Willstatter’s umt of tryptic activity is defined as a titration of 1 0 ml 
n/5 K.OH required for 10 ml 3 per cent casein solution after 20 mmutes 
digestion at 30°C , which is equivalent approximately to 0 01 milh 
equivalent per minute per 10 ml 3 per cent casein This is about 
1/100 of the umt used m this paper Actually the activitj of the 
purified fraction cannot be determmed by WiUstatter’s method, since 
as discussed above, the form of curve is entirely different (7) from 
that obtained with crude preparations and the maximum increase, 
which it IS possible to obtain under these conditions, is less than 1 0 ml 
n/S alkah 


Preparation of Standard Protein Solutions 

pn 4 0 Gelatin — 100 ml u/l acetate buffer pH 4 0 added to 250 ml saturated 
amraomum sulfate and made up mth water to about 800 ml 30 gm air-drj iso 
electnc gelatm (8) (25 gm b> dry weight) added and the suspension alloued to 
stand at room temperature for about 4 hour, the volume made up to 1 hter and 
the gelatm dissolved by warmmg to 45“C , a few crystals of thvmol added the 
solution filtered through hard paper mto a number of 150 ml flasks, and stored in 
the ice box. 

pF 7 6 Gelatin — 50 gm of Isoelectnc gelatm added to 1 hter u/10 pH 7 6 phos 
phatc buffer + 3 ml 5 molar sodium li>droxidc The suspension is alloucd to 
stand at room temperature for about 4 hour and the gelatm dissoU ed b> warmmg 
to 45 C Th}*mol is added and the solution stored m the ice box 
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Casein Solution — 50 gm of Kahlbaum’s casein (according to Hammarsten) 
stirred mto 1 liter ii/lO pH 7 6 phosphate buffer + 7 ml 5 molar sodium hydroxide 
The suspension is stirred at room temperature until the casern dissolves The 
flask IS then immersed m boilmg water for f hour Thymol is added and the 
solution stored m the ice box 

Technique of the Determination — In general the determmations were carried 
out in the same way as already described for the determmation of pepsm (9) so 
that it IS not necessary to repeat the detailed procedure 



Minutes 

Tig 1 Change in specific xnscosity of 5 2 ml standard gelatin solution with 
cnstalline tn-psin 

T iscosil\ Dclcnriralior — 0 2 ml of the enzx-me solution m J saturated ammo- 
nium sulfate, made up m pH 4 0 acetate, or n/ 10,000 hydrochlonc acid, is added to 
5 ml of the standard gelatm, or casern, solution previously vanned to 35 5°C , 
poured into the xuscometer and the viscositx determmed at short intervals The 
Mscositx 15 then plotted agamst the elapsed time and the per cent change in the 
specific XTSCOsitx per mmute calculated from these curves The curves obtained 
m this wax vath crxstallmc trx-psin arc shown in Fig 1, and the calculation of the 
speafic actmtx shox n in Table I 

Case } Xci -Pro'c'i Xitrogcn — 1 ml of different dilutions of the cnzjTue solu- 
t'on are added to a senes of tubes containing 5 ml of the standard casein solution 
p’-ex ’ouslx V armed to 35 5~C and digestion allov ed to proceed for 20 minutes 5 
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ml of 10 per cent trichloracetic acid is then added The suspension is filtered and 
the total nitrogen determmed on 5 ml of the filtrate The curves determined m 

TABLE I 

Activity from Gdatin Viscosity 


IT U1 


|4gr 

mg P N 


" per cent change m specific vis 
cosity per mm per mg tiypsm 
mtrogen m 5 2 ml gelatin 


(1 445 - 1 39) X lOQ 
1 4a X 10 X 4 X 10'* 

or 

(1 425 - 1 308) X 100 
1 425 X 10 X 2 X 10-* 



Fig 2 Increase m soluble nitrogen m 6 ml standard casein digestion mixture 
with crj-stallme trypsm 


this vvaj wnlh crvstalline trj'psm are shown m Fig 2 and the calculation of the 
specific activntv from the initial slope is shown m Table II The value obtained m 
this waj for the activit> is mdependent of the time and also of the quantitv of 
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enzj'me used provided the observed change is within the initial portion of the 
curve V hich is nearty straight, i e , that part correspondmg to a titration of less 
than 5 ml r/ 50 alLah 


TABLE H 

Achiiiy from Casein Non-Protem Nitrogen 


IT U] 


Cas S 
mg P N 


= milliequivalents nitrogen soluble in 5 
per cent tnchloracetic aad per nun 
per mg trypsm nitrogen per 6 ml 
digestion mixture 


2 5 


50 X 20 X 1 X 10-3 
or 

4 8X1 


= 2 5 


50 X 40 X 1 X 10-3 


2 4 



Fig 3 Increase m fonnol titration in 6 ml standard casern or gelatin digestion 
mixture v-th cnstalline trpsm 
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Casein Ponnal or Gelaitn Formol — These determinations are earned out in the 
same \vay as for non protem mtrogen except that the entire solution is titrated 
with n/ 50 alkah m the presence of fonnaldeh>de,as described in the pepsm detentu 
nations * Curves obtained with crj-stallme trypsin and are shown m Fig 3 
and the calculation of the specific activity from these cur\ es in Table in Cur\ es 
obtamed with crystalline trypsm and gelatm are shown m Fig 3, and the calcula 
tion of the activit\ in Table IV These curves were obtained b> using different 
quantities of enz>Tne for the same time but preciselv the same curves could 


[T U] 


Cas F 
mg P N 


TABLE m 

Activity from Casein Formol 


miUiequivalents carboijl groups 
per mm per mg trypsm nitro- 
gen per 6 ml digestion mixture » 


0 5 

SO X 20 X 3 X 10-* 


or 

OJ 

SO X 40 X 1 4 X 10'* 
or 
0 5 

50 X 60 X 1 0 X 10'* 


0 17 

0 IS 

0 17 


IT U1 


Gel F 
mg P N 


TABLE IV 

Artiwty from Gelatin Formol 


tmUiequiv'alents carboxyl groups 
per mm per mg trypsm mtro- 
gen per 6 ml digestion mixture 


0 5 


50 X 20 X 1 8 X 10~* 
or 

OJ 

SO X 40 X 0 8 X 10“* 


' 0 28 


• 0 31 


be obtamed by dctenninmg the amount of diction with a constant quanlih of 
cnzjTne for different times This peculianti is due to the fact that the amount 
of digestion is determined b> the product of the enajunc concentration and the 
time and a gi\en value for this product represents a constant amount of digestion 
no matter how the cnzjinc concentration or time is varied pro\ ided the product 
remains constant 


* The titration when earned out m this wa> gi\es figures wrhich arc about 10 per 
cent lower than those obtamed b\ W illsUltcrs alcohol method (Rona p 307) 
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Rennet Action — ^The effect on the clotting of milk was determined preciselj’ 
as desenbed for pepsm (9) 

Effect of the CloUmg of Blood — The method of Wohlgemuth as desenbed by 
Rona (10) was used It consists m determmmg the quantitj^ of enzj'me necessary 
to cause the coagulation of 3 ml of a 1/10 dilution of magnesium sulfate plasma 
The diluted plasma was brought to 0 02 molar calcium chloride as the enzyme was 
not active m the complete absence of calcium 

Amylase Determination — Amjdase determmation was carried out essentially as 
desenbed by Willstatter (11) except that mstead of titration, the quantity of 
enz>Tne required to destroy the blue color with lodme was determmed 

Lipase Test — Olive oil was stirred with an equal volume of 10 per cent sodium 
carbonate solution and then washed in a separatory funnel with water A sample 
of the emulsion gave a slight pmk color with phenolphthalein 1 ml of enzyme 
solution, 0 8 ml of glycerin, and 8 ml of emulsion were mixed 1 drop of phenol- 
phthalein added and the emulsion titrated with n/10 sodium hydroxide to color 
of a phenolphthalem standard The suspension was then left at 30°C for 3 days 
and titrated mth n/10 sodium hydroxide to a deep pink color 

Ercpsin — 1 ml of the enzyme solution was added to 5 ml m/10 pH 8 0 glycyl- 
gh cine and the increase in titration determmed after 24 hours 
Entcrokinasc Solution — The enterokinase solution was prepared according to 
Waldschmidt-Lcitz (12) The glycerin extract of dried pancreas was prepared 
according to Willstatter and Waldschmidt-Leitz (13) 

Determination of Protein Nitrogen — Since most of the solutions used m these 
experiments contained ammonium sulfate it w’as necessarj’- to determine the protein 
nitrogen rather than total nitrogen 5 ml of the sample was mixed wuth 5 ml 
of either 5 per cent or 20 per cent trichloracetic acid, the mixture warmed to 70°C 
for 10 or 15 minutes, and then allowed to cool to room temperature The suspen- 
sion uas filtered through hardened paper (No 575, S and S 5 J cm ) and the 
preapitate washed with 2 5 or 10 per cent trichloracetic acid until the filtrate gave 
no test for ammonia mth Nessler’s reagent The preapitate was then washed 
with a fine stream of distillled water into Kjeldahl flasks and the nitrogen deter- 
mined as usual 

Micro Kjeldahl Determinations — Micro Kjeldahl determinations were done as 
prc\noush desenbed (14) except that 2 drops selenium ox\ chlonde (SeOCl;) is used 
instead of the raercunc oxide, as suggested bv Lauro (15) It is, therefore, not 
rccessan to use the sodium h\ pophosphite solution 

The method of phosphorus determinations described bv Sorensen (16) was used 
Mellod of Schihility Dctcrmii alions — The same general methods were used as 
alre’’d\ desenbed in the case of pepsin (14) 

The numerous anah tical determinations were made by Mr Xicholas 
Yvucst and Miss Margaret R McDonald 
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rV REVEESIBILiri OE THE INACTIVATION AND DeNATDEATION OF 
Trypsin by Heat 
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(Accepted for publication June 22, 1932) 

It was noted by Mellanby and Wooley (1) that trypsin solutions in 
dilute aad could be heated nearly to boiling with very little loss in 
activity, and this observation was confirmed by Eddie (2) At tern 
peratures below 40°C , on the other hand, the enzyme is more stable 
near pH 4 or 5 than it is m aad solution This latter result has also 
been obtained by the writer (3) and by Pace (4) In the course of the 
preparation of crjstalhne trypsin by Kumtz and the writer (5) it was 
found that the further punfication proceeded the more heat stable the 
preparation became The final crystalhne material may be heated to 
boiling in dilute solution over the whole range of aadity between pH 1 
and pH 7 with httle or no loss in activity and apparently without the 
formation of any denatured protem This behavior is remarkable, 
smce m general heatmg denatures proteins and inactivates enzymes 
The result is, however, somew hat analogous to that in the case of serum 
albunun Spiegel Adolf (6) found that serum albumin also could be 
heated m certain pH ranges without the appearance of any denatured 
protein in the solution after it had been cooled Spiegel Adolf, and 
Anson and Mirsky (7) also showed that the denituration of serum 
albumin is easily reversible and it is probable that the fact that no de- 
natured protem IS found in the solution after coolrng is due to the re 
formation of native from denatured protem on coolrng It has also 
been found m the case of crystalline pepsin (8) that the activitj is lost 
when the protein is denatured and regained when the denaturation is 
reversed The possibility therefore exists in the case of trypsm that 
mactii Ttion of the enzyme and denaturation of the protein occur, as 
323 
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would be expected, at higher temperatures, but that on cooling the 
denaturation is reversed and the native, active protein re-formed 
Presence of Denaiwed Prokin in Hot Trypsin Solutions — If the pro- 
tein IS actually present in the denatured form at high temperatures, it 
would be expected that rapid addition of the hot enzyme solution to 
cold salt solution would result m the precipitation of insoluble, de- 
natured protein^ while if the enzyme solution were allowed to cool, as 
is usually done, and then added to the cold salt solution, no denatured 
protein would be found If the native protem only is active then it 
vould also be expected that the filtrate from the denatured protem 

TABLE I 

Ejjcct of Repealed Heating and Cooling on the Activity and Solubility of Trypsin 
0 5 gra tripsin dissolved in 25 ml n/20 HCl heated to 70®C and samples taken 
for total and soluble protem and activity Solution cooled quickly to 20°C and 
sampled in the same nay, solution then reheated to 70°C and another sample 
taken 


Temp 

! 

Time 

Total 

i 

Soluble 

tP Mml 

IT U^f 


IP NIml 

IT IDS'' 


'C 

hrs 

m j 

■■ 


m 



20 

0 10 I 

1 0 1 

mm 

100 

1 0 ! 


102 

70 

0 10 1 

0 9 * 


no 

Trace 

0 1 


20 

0 10 

1 0 1 

mm 

108 

1 1 0 

lOS 

105 

70 

0 10 

1 1 

108 

106 

Trace 

0 1 



nould be inactive nhile the solution of the enzyme which had been 
cooled would be active This is actually the case as is shown in 
Table I 

This expenment shows that when a solution of trypsin in n/20 HCl 
at 70°C IS added to one-half saturated ammonium sulfate, without 
prcMous cooling, practically all of the protein precipitates and the 
supernatant liquid is inactu e If the enzyme solution is cooled before 
being added to the salt solution, on the other hand, no precipitate is 
formed and the solution contains its original activity The heating 

^ Deralurcd protem is defined as that form of the protem which is insoluble at 
the isoelcctnc point or in the presence of strong salt solution but ma\ be soluble 
m ac d O' alkah m the absence of salt 
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and cooling may be repeated almost mdefimtely without loss of activity 
provided the solution is not left at VO^C for too long a time This ob 
servation, m addition to the fact that there is no appreaable change 
in total protem mtrogen on heatmg shows that the absence of precipi 
table protem in the cooled solution is not due to digestion of the protein 
The experiment confirms the idea that the protein is denatured in the 
hot solution but reverts to the native condition on coohng 
Effect of Temperature on Rale of Reversal — ^The experiment may be 
vaned by coohng the enzyme solution very rapidly to zero degree be- 
fore addmg it to the salt solution It might be expected by analogy 
with the results with hemoglobin (MirsLy and Anson (9)) that the re 


TABLE n 

Reformation of Soluble Protein at 0® after Soiling in Acid 


0 1 gm trypsin dissolved m 5 ml n/ 20 HCl heated rapidli to boiling and poured 
into 50 ml of a imiture of n/ 20 HCl and finelj cradxd ice Samples tahen at 
times and temperatures noted and soluble actiiity determined 


Temperature C 

20 

100 

0 

0 

1 ® 

Time sec 

0 

5 

10 

30 ' 

600 

Soluble [T Oil®/ 

4 1 

0 ! 

1 I 

1 4 

3 7 

Insoluble protein j 

- 1 

-1-+++ 1 

-I-++ 1 

++ 1 



versal would take place slowly enough at zero degree to be measured 
This actually is the case as is shown in Table II The enzyme protein 
when cooled very rapidly to zero degree is still in the denatured fonn 
and preapitates at first completely with salt As the solution stands at 
zero degree the denatured protein changes to the native form and at the 
same time the activity begms to reappear in the supernatant solution 
so that after about 10 mmutes all the protem has rexerted to the 
native form and the activity is agam all found in solution This exper 
iment rules out any secondary reaction which might be supposed to 
occur when the hot enzyme solution is added to cold salt solution 
Effecl of Temperature on Eqmlibrttm beUcen Native and Denatured 
Protein — The precedmg experiments show that there is a very rapid 
change from native to denatured protem at temperatures between 
zero and OO’C They indicate that the temperature j^termmes not 
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only the rate of transformation from native and active to denatured 
and mactive protein but also the equilibrium between the two forms 
In order to determine whether or not this is really the case a trypsin 
solution was heated rapidly from 20° to 60°C and then cooled again 
to 20°C Samples were taken and added without previous cooling to 
cold salt solution at each 10° temperature interval and the soluble pro- 
tein and activity determined The result of this expenment is shown 
in Table III 

As the temperature rises the quantity of protein soluble m one-quar- 
ter saturated ammonium sulfate decreases rapidly and at 60° C there is 
too little to determine When the solution cools, soluble protein again 

TABLE m 

Effect of Temperature on Eqiiihbrium between Native and Denatured Protein 

0 6 gm tripsin dissolved m 15 ml n/20 HCI (pH of solution about 2) Stirred 
in tube in boding H.O 1 ml samples taken at time and temperature noted and 
soluble nitrogen and activit> determined The tube is then put in cold water and 
samples taken as tube cools 


Tunc, f? trt 

0 

1 

1 ^ 


2 


5 ; 


6 

Temperature, °C 

20 

40 1 

50 * 

60 

80 

60 

50 

40 

20 

IP 1 

0 22* 

0 16* 

0 07 




0 054 

0 12 

0 IS 

IT 

28 

19 

6 1 

<1 

! <1 

1 0 6 

i 3 2 

1 10 

i 15 

IT U Img P N ! 

125 

120 

85 


1 

t 

[65 

jlOO 

ilOO 


appears and the quantity present when cooled to 40°C is nearly the 
same as that at 40°C when the temperature was raised The activity 
of the solution increases and decreases almost exactly in proportion to 
the quantity of soluble protein present The expenment shows that 
cquilibnum between native and denatured protein is very rapidly 
established and is extremely sensitive to changes in temperature so 
that at 20°C the protein is present almost entirely as native protein 
while at 60°C it is practically entire!} denatured and inactive It fol- 
lows that the usual assumption that raising the temperature merely 
increases the rate of transformation from native to denatured, is not 
correct in this instance but that the temperature affects the equilibrium 
as well as the rate of the reaction This possibility has been con- 
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sidered by Anson and Mirsky (10) Somenrhat similar results have 
been noted with other enzymes m that the activity of a solution inacti- 
vated by heat has been found to increase on standmg at lower tempera- 
tures This result has been descnbed by Bach and Wilensku (11) in 
the case of purified perovidase and has also been noted by Kubkofl 
and Bobkow a (12) with trypsin and by Anson (13) with pepsm 
Inaclivaiion at Diferenl Temperatures and pH 7 0 — ^The preceding 
experiments show directly that the trypsin protein at temperatures 
above S0°C is in a form which is msoluble in one quarter saturated 
ammonium sulfate, that is to say, it is denatured They also show 
directly that the specific activity of that part of the protein which is 
still native is the same as that of the ongmal preparation It is not 
possible to prove from these experiments, however, that the denatured 
protein is also inactive smce, if the preapitate of denatured protem is 
added to protein solutions the precipitate dissolves and digestion occurs 
It can be objected, therefore, that the apparent inacbvity of the 
denatured protein precipitate is simply due to the fact that it is insol 
uble It IS necessary to show that the enzyme, while stiU in solution, 
is inactive at higher temperatures, but this cannot be done in n/ 1S HCl 
since trypsin is not active under these conditions at any temperature 
The expenmcnts were, therefore, repeated at pH 7, under which condi 
tions the enzyme is active at ordinary temperatures It was found 
that the loss in activity when heated to QO^C at pH 7 w as a very sensi 
tive test for the punty of the preparation Preparations which con 
tain relatively small amounts of inactive protem preapitate when 
heated at pH 7 and the activity docs not return upon cooling Care- 
fully purified preparations may be heated in solution containing less 
than 1 mg protein nitrogen per ml and less than 0 05 molar salt to 
90°C at pH 7 for S to 10 minutes and cooled to 20°C without any 
appreaable loss m activity All preparations tested so far preapitate 
when heated at pH 7 5 to 9 5 and the activity is not recov ered on cool 
mg Also, solutions which have been heated at pH 1 to 7 remain 
inactive if added before cooling to pH 8 to 10 buffer solutions It is 
necessary at pH 7 0 to add the enzyme solution to the hot phosphate 
solution rather than to heat the mixture, since as will be seen later, the 
inactivation at intermediate temperatures of SO-70'’C is not rev ersible 
There is at present no explanation for this peculiar fact, although it 
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was found that the denatured protein formed at 62°C was different 
from that formed at 90°C 

In the followmg experiments, therefore, 1 ml of the enzyme solution 
containing about 5 mg protein nitrogen was added to 25 ml of m/20 
phosphate solution at the desired temperature 1 ml samples were 
taken at intervals of about 1 minute, added to 10 ml cold n/10 HCl 
and this solution analyzed for total activity and total protem nitrogen 
Another set of samples was taken and added at once, without cooling, 
to 5 ml half saturated ammonium sulfate in m/20 pH 4 acetate buffer 
These suspensions were then centrifuged and the supernatant liquid 
analyzed for activity and for protem nitrogen This is called soluble 
activity or soluble protein nitrogen and, presumably, represents the 
amount of native protein in the heated solution 

Changes m Soluble Protein or Activity — ^The results of these evpen- 
ments are shown in the lower half of Fig 1 The concentration of total 
protein, total activity, soluble protem, and soluble activity has been 
plotted as the log lo of the per cent of the original concentrations In 
the unheated solution aU the protein and all the activity were present in 
the soluble form, tc , no precipitate was obtained when the solution 
v as added to the ammonium sulfate The higher the temperature the 
more rapidly the soluble protein or activity disappears until when the 
temperature is about S0°C the process becomes so rapid as to render it 
impossible to make accurate measurements At any one temperature 
the percentage loss of soluble protein is nearly the same as the per- 
centage loss m soluble activity, as shown by the fact that the curves for 
the percentage of those quantities remaining m solution are parallel 
In other words, the speafic activity of the soluble (native) protein 
remains practically constant This agrees with the idea that the de- 
natured protein is inactive and that the actmty is a property of the 
naln e protein molecule 

The expenments arc not sufficiently accurate to permit calculation 
of the exact temperature coefficient, but it is more than two for an 
inten. al of 10° and therefore agrees qualitativel> with the value usually 
found for the dcnaturation of proteins or the mactn ation of enzjmes 
The course of the reaction, as plotted m the figure, is not monomolccu- 
lar, since the reaction does not go to complete inacti\ ation but stops at 
an intermediate \alue, depending on the temperature, the mono- 
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molecular constants should be calculated using the concentration of 
soluble protem or activity present at this equihbnum point rather 



Fic 1 Decrease in total activitj total protein soluble activitv, and soluble 
protem concentrations of trypsm solutions at pH 7 0 and vanous temperatures 

than the total amount present ongmallj , as has been done in the figure 
If the reaction veloaty is calculated using this equilibrium value it is 
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found to be monomolecular VTthin the wide error of the present 
experiment 

Changes m Total Protein and Total Activity — The effect of increasing 
the temperature on the concentration of total protein or total activity, 
shown in the upper two senes of curves, is entirely different from that 
on the concentration of soluble protein or activity discussed above 
At 42°C the quantity of total protem decreases with time but more 
slowly than does the soluble protein At 52°C it decreases faster than 
at 42°C but at 72®C or 92°C it decreases much less rapidly than 
at S2°C The rate of destruction of the total protein, therefore, goes 
through a maximum at about 52°C and then becomes slower The 
loss in total activity is nearly parallel to the loss in total protein except 
that in this case there is very rapid loss at 72°C At 92°C however, 
the activity is destroyed less rapidly than at 42°C so that there is a 
general agreement between the decrease in total protein and the de- 
crease in total activity These results are in qualitative agreement 
^\nth the idea expressed above, that the denatured, inactive protein 
found at temperatures above 40°C reverts to active, native protein 
vhen the solution is cooled to 20°C Since there is a decrease in total 
protem at 40-d0°C , it is necessary to assume in addition that, at this 
pH, there is some digestion of the denatured protein by the native, 
active protein At 42°C , for instance, 10 to 20 per cent of the protein 
IS m tlie native, active form and, therefore, digests and destroys the 
denatured form present The total activity, total protein, soluble 
actmU , and soluble protein, therefore, all decrease 

•\t 52-62°C more of the protem is changed rapidly to the de- 
natured, inactive form but the rate of digestion is also increased by 
the increase m temperature so that this denatured protem is still 
digested by the small amount of native, actue protem present and the 
total protem and total actnity, therefore, still decrease with time 
At the higher temperatures the protem is completely and rapidly 
changed to the denatured form and therefore no digestion occurs since 
no n'’tne, actne protem is present The total protem, therefore, 
remains constant and re\erts to natue protem v,hcn cooled so that 
there is no change m the total protem or total activitj The slov; 
decrease m the total acti%at> at 92’C is probabl> due to a secondary 
ch-’nce ocoimrg m the denatured protem v.hich is not reversible (14; 
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Since all the ivork on the reversibility of protein denaturation shows 
that with prolonged heating a form is obtamed which does not revert 
to the native condition The loss in total activity at 62°C and 72°C 
without correspondmg loss in total protem shows that the protein when 
heated at these temperatures does not regam its activity on cooling, 
although it does become soluble agam 



Fig 2 Rate of digestion of casein or peptone solutions with tinisin at 100 C 
and 35®C 


Try pstn Is Inaclf^c at lOO'^C —'It was assumed in accounting for the 
fact that there was no loss m total protem at 92°C that the enzyme \\ as 
inactive at this temperature although, as the experiment shows, it was 
active m the solution after it had been allowed to cool This assump- 
tion may be directly verified by determining the digestion of casein or 
of peptone at 100°C andat35°C A solution of casein, or of peptone,® 
at pH 7 and 100®C is not digested by trypsin If the same solution is 

*The rate of h>droh'sis of different commeraal peptone prcparalions ^nth the 
cn'Stallmc Irjpsm vanes gTeaU> 
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cooled to 35°C rapid digestion occurs at once The results of such an 
experiment are shown in Fig 2, in which the increase m formol titration 
in 2 cc of the digestion mixture has been plotted against the time 
Two solutions of casein and of peptone were prepared, one of each was 
placed at 35®C and the trypsin added, the other pair was heated to 
100°C and the same quantity of trypsin added Samples were taken 
for formol titration at short intervals from all four solutions and after 
about 5 minutes the solutions at 100°C were cooled rapidly to 35°C 
The results show that no digestion occurred while the solutions were at 
100°C but that as soon as they were cooled to 35°C rapid digestion 
commenced and proceeded at the same, or even greater rate,® than in 
the control solutions which had not been heated to 100°C The curves 
have been plotted so that the time of adding the trypsin to tlie 35°C 
solutions coincides with the time at which the 100°C solutions were 
cooled to 35°C 

These experiments show directly that casein and peptone are not 
acted on by trjqism at 100°C but are rapidly digested at 35°C They 
indicate that the enzyme is inactive at 100°C but it could be assumed 
that some reversible change occurs in the substrate at this temperature 
v.hich renders it resistant to digestion by the enz^une This appears 
unlikely and in addition it may be shown directly that the effect is on 
the enzjTne rather than on the substrate by following the digestion of 
peptone solutions at zero degree upon the addition of hot or cold 
tiypisin solutions 

It was showm before that tiyqisin solutions heated to 100°C and 
cooled very rapidly to zero degree remained in the denatured form for 
some time as shown by the formation of a precipitate on the addition of 
ammonium sulfate If tr}'psin solution at 100°C is added rapidly to 
peptone solution at zero degree, it would be expected that digestion 
would occur mudi more slowlj than if unheated trx psin were added, or 
than if the heated tr>p>5in vere allowed to cool slowly before being 
added to the peptone The result of the expenment done m this wa) 

* If the c'^pen'^c''! doae i th hov e\ er, no digestion occurs even after 

cooling the so^ut on The gdaun t idcntl\ pre\cnts the reactivation of the 
cnev^e ard it po-'dde that so- c the snlit p-xiducts of trv pain itself act in the 
sa.’^c V a a'-d th^* ih ' is the e-cp’anation of the ^adurc of the trvpsm to reactivate 
a ’erl .1 -gh'eittd to 72 C 
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IS shown in Fig 3 The experiment shows that the peptone is digested 
at about the same rate by the trypsin solution before heating or, if it is 
allowed to cool slowly after heatmg, but if the hot trypsm solution is 
added at once to the cold peptone the rate of digestion is much slower 
This experiment confirms the assumption made before that the enzyme 
IS mactive at 100°C and that the failure to digest casein at 100°C is 



Hourx 

Fic 3 Rate of digestion of peptone solutions on the addition of cold, hot, and 
cooled ti^Tism solutions 

due to the fact that the enzyme is in an inactive form at this tempera- 
ture rather than that the casein or peptone is m a resistant form 
Delermtiialion of S S Groups tn the Insoluble Protein —The conclu- 
sion that the msoluble, denatured protein is inactive is further con 
firmed by determmation of the S S groups m the precipitate formed b> 
the addition of hot trypsm solutions to salt solutions Mirshy and 
Anson (15) have shown that denatured proteins differ from native pro 
tein in that the S S groups are free in the denatured form The writer 
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IS indebted to Drs Mirsky and Anson for an analysis of the insoluble 
precipitate obtained by adding hot tr^^ism solution to cold salt 
The analysis showed that the protein contained all the S-S groups in 
the free form and, therefore, agrees in this respect with other denatured 
protems 

Formalion of Naiivc, Active Protein from Denatured Protein — The 
experiments already desenbed show that trypsin at a temperature of 
90°C IS mactive and that the trypsm protein precipitates when added 
to one-quarter saturated ammonium sulfate This precipitate of 
denatured protem may be partially reconverted to native, active 
protein by dissolving in n/50 hydrochlonc acid The precipitate dis- 


TABLE rv 

Reachvalton — Prcctpilaled, Denatured Trypstn 



No 

Vol 



0 5 gm tOTSin cake dissoUed m 15 ml HjO 
Solution 1 poured into 70 ml boiling pH 7 0 
h/10 POj, poured into 80 ml 0 7 saturated 
ammonium sulfate ii/lO pH 4 0 acetate, 

1 

15 

1 

200 

3000 

j 

centnfuge supernatant 

Precipitate -f 75 ml n/ 50 HCl, sUr for 2 hrs 


165 

0 

0 

at SS'C 


75 

14 

1050 


sohes slov.ly and the solution then contains from 30 to 40 per cent of 
the original activit> It also contains a soluble protein which is inac- 
tu e This soluble, mactive protein is formed from the active trypsin 
protein on standing at room temperature in dilute acid solution This 
reaction was discussed in connection with the preparation of the 
enzime (5) The result of this expenment is shown m Table IV 

DISCUSSION 

Trvpsm solutions which ha^ e been heated to boiling and then cooled 
show no lO'S in actiMt\ or formation of denatured protein The pre- 
ccdinc evpenment'; sho.' that the-se anomalous results are due to the 
existence of an equilibrium betveen natiee, actne protem and dena- 
tured in'- clue protein Be’o 30“C the p’-otem is nearl} all in the 
actue ard ratuc conaition "rile aooec 65'C it is practicalle all 
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denatured and inacti\e Eqmlibnum is reached rapidly from either 
side The loss in activity is proportional to the formation of dena- 
tured protein and when the denatured protein changes back to the na 
tive condition the activity is also recovered This is good evidence 
that the activity of the preparation is a property of the native protein 
molecule since, if it be assumed that the activity is due to a spcaal 
active molecule assoaated with the protem, it is further necessary to 
suppose that the conditions for inactivating and reactivating this 
hypothetical active molecule are quantitatively the same as those for 
the formation of denatured from native and native from denatured 
protem 

They agree, therefore, with the results with pepsin denatured by 
alkaU or by heat and it is probable that the same mechamsm accounts 
for the recovery of the activity of other enzyme solutions after heating, 
recorded m the hterature 

They are also very similar to the result with hemoglobm, since this 
protem when denatured also loses its charactenstic property, that of 
reversible combination with oxygen and recovers this property when 
the denaturation is reversed (16) 

Expenmeiital Procedure 

TryPstn — ^The trypsin preparation used was crystallized from about 0 7 
saturated ammonium sulfate as described by Northrop and Kunitz (5) It was 
kept m the form of a moist filter cake at 5®C The figures given for the weight 
of trj'psm refer to the weight of this filter cake 

Actvnty Units — ^The activity is expressed as per cent change per 

minute m the viscosity of gelatin solutions The determination was earned out as 
previously described (17) 

Griu/m — Gelatin v>&s prepared from Coopers powdered gelatin as described 
by Northrop and Kunitz (18) 

Casein — Casern solutions were made up from Kahlbaum s casein accordmg to 
Hammarsten 

Peptone — ^The preparation used was a sample of Fairchild s peptone which 
contained more protein nitrogen than usual Most samples of commercial peptone 
tned were not digested bj the trj’psin. 

Tolai Aclt'^ly — 1 ml of trypsin solution added to 10 ml otu/ZOhydeodilonc 
aad and allowed to stand at 20 C for about i hour and analyzed for activilv 
with standard gelatm solution as usual 

Total Protem A ttrogen — A volume of solution containmg about 1 mg protein 
nitrogen is added to an equal volume of 5 per cent tnchloracclic aad and wanned 
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to 70°C for 5 minutes The suspension is then cooled, filtered through hardened 
paper, and the preapitate washed with per cent tnchloracetic acid until 
the cashing gives no test for ammonia The preapitate is then washed mto a 
Kjcldahl flask and analyzed for total nitrogen 

Soluble Aclfoity and Soluble Prolctn Nitrogen — 1 ml of solution is added to 5 ml 
half-saturated ammonium sulfate m n/ 20 pH 4 acetate buffer The suspension is 
centrifuged and the supernatant solution analyzed for activity and protein nitrogen 
as described above 

The analytical determinations were done by Mr N Wuest 

SUMMARY 

1 If dilute solutions of punfied trypsin of low salt concentration at 
pH from 1 to 7 are heated to 100°C for 1 to 5 minutes and then cooled to 
20°C there is no loss of activity or formation of denatured protein If 
the hot trjTpsin solution is added directly to cold salt solution, on the 
other hand, all the protein precipitates and the supernatant solution is 
inactive 

2 The per cent of the total protein and activity present in the sol- 
uble form decreases from 100 per cent to zero as the temperature is 
raised from 20'’C to 60°C and increases again from zero to 100 per cent 
as the solution is cooled from 60°C to 20°C The per cent of the total 
protein present in the soluble (native) form at any one temperature is 
ncarh the same whether the temperature is reached from above or 
below 

3 If tiypsin solutions at pH 7 are heated for increasing lengths of 
time at \ anous temperatures and analyzed for total activity and total 
protein nitrogen after cooling, and for soluble activity and soluble 
(natne) protein nitrogen, it is found that the soluble activity and 
soluble protein nitrogen decrease more and more rapidly as the temper- 
ature IS raised, in agreement with the usual efTects of temperature on 
the denaturation of protein The total protein and total actuity, 
on the other hand, decrease more and more rapidl} up to about 70’C 
but as the temperature is raised aboec this there is less rapid change in 
the total protein or total actniU and at 92'^C the solutions arc much 
more stable than '■t 42'C 

■I Ca=ein ard peptone are not digested In tr\psm at lOO’C but 
V I cn lb'? diec'tio*’ mixture is coo\d to 35"C rapid digestion occurs 
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A solution of trypsin at 100°C added to peptone solution at zero degree 
digests the peptone much less rapidly than it does if the trypsm solu 
tion IS allowed to cool slowly before addmgit to the peptone solution 

5 The preapitate of insoluble protein obtamed from adding hot 
trypsm solutions to cold salt solutions contams the S S groups in free 
form as is usual for denatured protein 

6 The results show that there is an equihbnum between native and 
denatured trypsm protem the extent of which is determined by the 
temperature Above 60®C the protem is m the denatured and inactive 
form and below 20°C it is m the native and active form The cqmlib 
num IS attamed rapidly The results also show that the formation of 
denatured protem is proportional to the loss m activity and that the 
re formation of native protem is proportional to the recovery of activ- 
ity of the enzyme This is strong evidence for the conclusion that 
the proteolytic activity of the preparation is a property of the native 
protem molecule 
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The kinetics of trypsin digestion have been studied by seieral 
workers (1-8) The results are anomalous from the point of view of 
the theory of simple catalysis both as regards the e0ect of the concen- 
tration of substrate and the time course of the reaction These 
studies have been made with crude pancreatic evtracts which un- 
doubtedly contain several enzymes and some of the anomalous results 
may be due to this fact The crystallme trypsm prepared by Kumtz 
and the writer (9) appears to be a chemical individual and certainly 
contains fewer enzymes than crude pancreas evtract The kinetics 
of the digestion of gelatm, casern, and hemoglobin with crude pancreatic 
extract and crystalline trypsin have been studied The results of 
these experiments are contained in this paper 

Extent of the Reaction 

The crystalhne trypsin mcreases the formol titration ot casein by 
about 100 per cent, egmiulent to about 100 hydrolyses per mole, and the 
formol titration of gelatin solutions by about 200 per cent, equivalent 
to about 60 hjdrolyses per mole The crude preparations cause 
about three times as much hydrolysis as docs the crystalline (9) 

Efect of the Concentration of Substrate 

The rate of digestion of vinous concentrations of gelahn, casein, 
and hemoglobin with crude or crystalline trypsin were determined at 
3S°C The amount of digestion was followed by the increase in 
formol titration with casein and hemoglobin and also by decrease in 
V39 
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protein soluble in 2 5 per cent tnchlomcetic aad The results of 
these experiments are shown m Tigs 1 and 2 The experiments show 
that for the first 30-40 per cent of the reaction the amount of digestion 
with crude trypsm is the same for 2 5 and 5 per cent protein concentra 
tion In other words, the amount of digestion instead of bemg pro 
portional to the substrate concentration, as predicted by the simple 
theory, becomes mdependent of it This result is frequently observed 
with enzymes and has usually been ascnbed to tlie formation of an 
intermediate compound With the crystalhne trypsm this anomalous 



Hours 

Fig 2 Digestion of hemoglobin with crude and crj’stalline trj-psin 

result IS much less marked, the amount of digestion being nearly that 
expected from the change in the substrate concentration The first 
few per cent of the reaction still show this effect, however, especially 
in the case of casein and hemoglobm when the digestion is followed 
by means of the change m protein ratrogen 

Ktnehes of the Reaction 

The digestion of casein as determined by the formation of non 
protein nitrogen wath the crude trypsm preparation follows the course 
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of a monomolecular reaction quite closely although the value of the 
veloat}^ constant is nearly inversely proportional to the protein con- 
centration instead of being independent of this value This is the 
result pre\T 0 usly obtained (7, 9, 13) With crystalhne trjqism the 
rate of digestion decreases more rapidly than vith the crude trN’psm 
and the veloaty constants drop qmte rapidly as the reaction proceeds 
This agrees vnth the results of Schonfeld-Reiner (11) This is more 
marked vath dilute protein than iMth concentrated so that with 
crjstalline tr}-psin the \alue of the constants for the two protein 
concentrations approach each other quite rapidly These results 
are shovai m Table I The values for the velocity constant ha\e been 
tabulated at corresponding total amounts of digestion so that they are 

TABLE I 

hi! el cs of Ihdrohsts of 2 5 and 5 Per Cent Casein uith Crude and Crystalline 

Trypsin 

K = i/riog,o i,/( 1, - 1) 



Crud' tnp'in nth 

Crj'lalhnc trjp'in with 

A 

1 2 ^ p' cent cn^em 

5 per cent casern | 

2 5 per cent casein 

S pet cent ca-cm 


K 

K 

K 

k 


n 

0 21 

0 0S4 

0 04 

1 0 1 


0 22 

0 OSO 

0 04 



0 22 

0 050 


s n 1 

J 0 57 

0 23 

0 030 


in n I 

; 0 50 

0 21 

0 026 



1 , fo' 2 5 per cent = 110 = final total amount 
fo' 3 0 per cc-t = 22 0 = “ “ 


comp'>rabie Ihis result might be due to the fact that casein is a 
miMure or “^ohd solution of se%cral different proteins (12) Ihe expen- 
r.ent as therefore repeated vath hemoglobin, vhich is probabl> a 
pare sub'tance Tee reaction shoe's the same abnormal behaMor 
itn hcrrog’nbm In this case the monomolecular constants drop 
te r''p ub "ath both nanicn and crude tre-psm 
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intermediate compounds, the results of experiments in which the rate 
of digestion of a mixture of proteins is followed, do not agree with this 
hypothesis If the fact that a 5 per cent gelatm or casein solution 
digests at the same rate as 2 5 per cent be due to the saturation of the 
enzyme with the protein, then the addition of casern to a S per cent 
gelatm solution should cause no increase in the rate of digestion since 
It has already been assumed that the enzyme is saturated with the 
gelatin If the rate of digestion of the casein alone is determined in 
such a mixture, then it would be predicted that the digestion of the 
casein in the presence of the gelatm would be much slower than the 
rate of digestion of the same concentration of casein alone On the 
other hand, if no intermediate compound is formed then it would be 
expected that the rate of digestion of a mixture of casein and gelatin 
would be equal to the sum of the rates of the two proteins separatelj 
In determinmg the rate, however, it is necessary, owmg to the inhibi 
tory effects of the products of the reaction, to compare the curves at a 
point of equal total digestion rather than at equal time intcnals 
The quantity of protem digested after a given time inter\ al would not 
be expected to be equal to the sum of the two quantities separately 
This pomt has been overlooked by Westenbnnk (10) who has erronc 
ously quoted the w nter as predicting that the amount of digestion of 
a mixture at a given time would be equal to the sum of the amounts 
digested m the two solutions separately Westcnbnnk’s results even 
when recalculated, however, show less difference between the rate of 
digestion of mixtures of casein and gelatm and of gelatin alone than 
the writer s experiments, so that the experiments have been repeated 
The results of experiments m which the digestion of mixtures of 5 
per cent casern and S per cent gelatm, are compared to the rates of 
digestion of the two protems separatelj, are shown in Fig 3 The) 
confirm the earher experiments of the writer (2) in that the rate of 
digestion of the mixture is greater than the rate of digestion of cither 
protem alone and is nearly equal to the sums of the rates of the two 
protems alone, especially m the case of the crj stallinc trypsin The 
lower part of Fig 3 shows that 5 per cent casein in the presence of S 
per cent gelatm digests at identically the same rate as docs 5 per cent 
casern alone As stated before (3), this result is difhcult to account 
for on the basis of an intermediate compound unless it be further 
assumed that there are two enzj-mes, one for each protem It cannot 
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be assumed that the casein alone digests in the mixture smce the rate 
of hydrolysis of the casein is the same m the mixture as m the pure 
casern while the increase m formol titration is much greater m the 



Houm Hours 

Fig 3 Digestion of mixtures of casern and gelatin with crude and crystalline 
11)1)310 Upper figures show increase m formol titration of mixture and of two 
proteins separately and loner figures show digestion of casein when present 
alone and in presence of gelatm 

mixture than m the casern solutions alone, also, the viscosity of the 
gelatm-casem mixture drops rapidly These results show that the 
gelatm as well as the casern is hydrolyzed m the nuxture 
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Kiiieltcs of the Reaction as Determined by Changes in Viscosity 

The preceding experiments show that the abnormahties of the reaction 
between trypsm and protems are less marked when purified trypsin 
solutions are used The punfied trypsm preparations con tarn a smaller 
number of enzymes than the crude preparations and the reaction does 
not proceed nearly so far with the punfied as with the crude enzyme 
(9) These results indicate that the abnormal character of the reaction 
IS due to the presence of a senes of consecutive reactions rather than 
to the formation of an intermediate enzyme substrate compound and 
this conclusion is strengthened by the results of the experiments on 
mixtures of proteins If this explanation is correct it would be ex 
pected that the results would agree better with those predicted from 
the simple theory of catalysis if the reaction w ere followed by a method 
which determmed only the first step m the digestion and which was 
not affected by the subsequent reactions The change m viscosity 
of the protein solutions oflTers such a method since the protem molecule 
itself IS almost entirely responsible for the high viscosity and the 
viscosity IS changed very shghtly, if at all, by subsequent furtlier 
hydrolysis The method has the disadvantage that the phjsical 
sigmficance of the change m viscosity is somewhat uncertain The 
value for the viscosity itself cannot be used smce this does not increase 
m proportion to the protem concentration and has no simple physical 
significance All theories of viscosity agree that the viscosity is some 
function of the volume occupied by the solute, and Kunitz (14) has 
found an empirical equation which gives verj reasonable values for 
the volume of the solute calculated from the viscositj In calculating 
the results of the viscosity measurements, therefore, the values for the 
volume of the solute occupied by the hydrated protein molecules have 
been interpolated from the observed viscosity of Kunitz’s equation 
These values have then been corrected for the final volume occupied 
by the solute at the end of the reaction The results of an experiment 
calculated in this way for the hydrolysis of casein vnth punfied trvpsin 
are shown in Table II The values under K are those for the mono 
molecular equation using common loganthms and time in hours Thej 
are reasonably constant and furtlicrmore the value of the constant is 
about the same for 3 per cent and 5 per cent casein, i e , the reaction 
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TABLE n 

Kinehcs of D:geslton of Varwtis Concentraixons of Casein with Cryslalltnc Trypsin as 
Determined by Changes in Viscosity 
I , Vo - Vo 


Time 

5 per cent casein 

3 per cent casein 

Vs 

Bjl 

IBB 


Vs 

V 

V-V, 

K 

hrs 




i 

1 





0 

2 30 

17 3 

9 4 



9 5 

4 4 


0 16 

1 975 

14 3 

6 4 

1 00 

1 463 

8 1 

3 0 

1 0 

0 22 

1 905 

13 6 

5 7 

1 00 

1 424 

7 7 

2 6 

1 0 

0 63 

1 686 

11 1 

3 2 

0 so 

1 34 

6 4 

I 3 

0 85 

1 71 

1 532 

9 2 

1 3 

0 75 

1 288 

5 5 

0 4 

0 62 

25 00 

1 439 

7 9 



1 282 

1 

5 4 




TABLE m 


Kinetics of the Hydrolysis of Various Concentrations of Gelatin with Crude and 
Purified Trypsin as Determined by Changes in Viscosity 


K = 


T hrs 


logio 


Vc - Ve 
V, - Ve 


Concentration gelatin 
per cent 

s 

3 

1 


Tune 

Vs 

V 



% 

V 


X 

Vs 

V 

i-r* 



hrs 








■■ 






0 

4 13 


20 7 


2 31 

17 4 

12 9 



5 4 

3 6 




IsBnl 


14 7 


1 94 

BE 

9 5 


1 23 

4 5 

2 7 

IB 

Crj'stallme 


2 55 


12 2 


1 67 


6 4 


1 17 

3 7 

1 9 


trypsin 

IB 

2 25 

16 8 



1 55 

93 

4 8 

0 64 

1 15 

3 1 

1 3 

0 66 


1 18 

1 98 

14 4 



1 43 

7 7 

3 2 

0 52 

1 12 

mm 

0 8 

0 50 


2 66 

1 68 

11 1 


0 26 

1 33 

6 0 

1 5 

0 69 

1 115 

m 





1 37 

6 8 

0 


1 23 

4 5 













2 19 


11 7 


1 26 

5 1 

3 3 



0 20 

3 19 

23 1 

16 1 


1 975 

14 3 

9 7 

0 40 

1 218 

4 5 

2 7 

0 43 


0 95 


18 8 

11 8 


1 69 

11 2 

6 6 

0 25 

1 16 

3 5 

1 7 

0 30 

Crude tiyiism 


K 

irail 

9 0 

0 17 

1 54 

9 3 

4 7 


1 137 

1^1 

1 2 

0 22 


4 00 


13 6 

6 6 

0 11 

1 44 

7 8 

3 2 

iMla 

1 115 

2 5 

0 7 

0 16 



n 




1 24 

4 6 




1 8 




IS normal or nearly so when followed m this way The results of an 
experiment with 1, 3, and 5 per cent gelatin digested with crj'Stalhne 
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and crude trypsin have been calculated in the same way (Table III) 
In this case, also, the value for the monomolecular constant is inde 
pendent of the protein concentration as would be expected for a 
simple monomolecular reaction and in the case of crystallme trypsm 
the constant decreases only slightly dunng the first 50 per cent of the 
reaction With crude trypsm the constant decreases more rapidly 
durmg the course of the reaction but still has about the same value 
for the different concentrations of protein These experiments were 
earned out with about the same concentration of enzyme as were the 
preceding ones so that the difference is not due to differences m en 
zyme concentration 

Experimental Procedure 

Protein Solnttons — Isoclectnc gelatin was prepared as described by Northrop 
and Kunitz (15) The cascjn used was Kahlbaum casein according to Hammar 
sten 25 gm of the protem were dissolved m 400 ml of m/10 pH 7 6 phosphate 
buffer and the resulting solution titrated with alkali to pH 7 6 and made up to 500 
ml with it/10 pH 7 6 phosphate buffer Solutions of lower concentrations were 
made by diluUon of this 5 per cent solution with M/10 pH 7 6 phosphate buffer so 
that the solutions used were at pH 7 6 and contained m/10 phosphate buffer 

Preparation of Ilcmoglobin SoUtiton — Crjstalline hemoglobm solution dialj'red 
free from sulfate at the isoelectnc point titrated to pH 8 6 and diluted to 5 per 
cent hemoglobm concentration Total alkah concentration about 0 02 normal 
The flask contammg the solution was immersed in boding water for 4 hour to 
denature the hemoglobin since trjpsin does not attack naU\e hemoglobin 2 5 
per cent hemoglobm solution prepared from this solution b> dilution with water 

The tiy^ism preparations were prepared from pancreatic pressed juice as dc 
senbed m a pre>nous paper (9) 

The formol titration was detennmed on 2 ml of the protein solutions ^^th n/SO 
sodium h> droTide as desenbed previousl) (16) 

Detcrnntiation of Soluble Protein Ntlrosen — I ml of the digestion mixture was 
added to 10 ml of 2 5 per cent tnchloracetic aad, the suspension warmed to 70 C 
for 10 minutes cooled to 20®C for 4 hour, and centrifuged The prcapitate was 
washed once with 10 ml of 2 5 per cent tnchloracetic aad centnfuged again 
and the precipitate dissolved m 2 ml of n/10 sodium hj dro-ude, and reprcapitatcd 
b> the addition of 10 ml 2 5 per cent tnchloracetic aad The suspension was 
centnfuged the prcapitate dissolved m 1 to 2 ml of n/10 sodium hjdroxide, and 
the solution made up to 10 ml The nitrogen in 5 ml of this solution was then 
determined by micro Kjeldahl This gives the amoimt of insoluble casein 
nitrogen The quantity of soluble nitrogen is then found b> subtracting the figure 
for the soluble nitrogen from the total amount of nitrogen present at the beginning 
of the reaction All reactions were earned out at 35®C 
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SUMMARY 

The rate of digestion, as determined by the increase in non-protein 
nitrogen or formol titration, of casein, gelatin, and hemoglobin with 
crystallme trypsin preparations increases nearly in proportion to the 
concentration of protein, but with crude pancreatic extract the rate 
of digestion becomes independent of the protein concentration in 
concentrations of more than 2 5 per cent With both enzymes the 
rate of digestion of mixtures of 5 per cent casein and gelatin is greater 
than would be expected from the point of view of a compound between 
enzyme and substrate The rate of digestion of 5 per cent casein m 
the presence of 5 per cent gelatin is exactly the same as that of 5 per 
cent casein alone This result is obtained with both enzymes The 
digestion of casein with crude trypsin follows the course of a monomolec- 
ular reaction quite closely while with purified trypsin the velocit}’- 
constant decreases as the reaction proceeds In the case of hemo- 
globin the monomolecular velocity constant decreases with both 
punfied and crude enzyme 

When the reaction is followed by changes m the viscosity of the 
solution the abnormal effect of changing substrate concentration 
disappears and the reaction is in fair agreement with the monomolecu- 
lar equation The results as a whole indicate that the abnormalities 
of the reaction are due to the occurrence of several consecutive reac- 
tions rather than to the formation of a substrate enzyme compound 
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PHOTOKmESIS AND TONIC EPrECT OF LIGHT IN 
UNIONICOLA 


By JOHN H WELSH 

{From the Zoological Laboratory^ Harvard University Cambridge) 

(Accepted for pubbcalion, August IS, 1932) 

Onentation responses of plants and animals to light are often re 
lated m a simple direct manner to the light mtensity or to the logarithm 
of the light mtensity If the reaction is directly proportional to the 
light intensity and to time the reaction is often said to obey the Bun 
sen Roscoe law, if proportional to the loganthm of the hght intensity 
the response has usually been considered to agree with the so called 
Weber Fechner law In the case of free moving organisms, respon 
sive to hght, it has been debated whether hght had any appreaable 
effect other than on primary orientation Certain mvestigators, no 
tably Patten (1917), Moore and Cole (1921), and Cole (1922), found a 
kinetic effect of hght, while Dolley (1917) and Mast and Cover (1922) 
failed to find an effect of hght mtensity on rate of progression and de- 
nied the probabilitv that there was such an effect 
It has been demonstrated in the case of larvae of the mussel crab 
Pmnothcrcs maculaUis (Welsh, 1932) that hght has a decided effect 
on rate of locomotion, and that over a certain range of intensities the 
veloaty of progression mcreascs as a definite function of the hght in 
tensity The relationship, however, is not simple and obe> s neither 
the Bunsen-Roscoe law nor the so called Weber Fechner law 
Speed of progression in a free moving organism is due to a combined 
effect of amphtude and frequency of movement of locomotor append 
ages, or of muscles concerned in locomotion One or both of these 
factors might change with changmg intensitj of illumination, and the 
relation of either one to intensity might perhaps be simpler than 
that between velocit> of progression and intensity A change in 
amplitude of leg movement dependent upon light intensity would be 
due to a change m muscle tonus, thus lending support to the thcor\ 
349 
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upheld by Loeb (1918), Garrey (1918-19), Crozier and Cole (1923), 
Crozier and Fedenghi (1924-25, a and h), to cite only a few of the 
instances where differential muscle tonus, due to hght, has been pro- 
posed or definitely shown to account for posture and orientation 
The question of frequency and extent of muscular contraction, and of 
posture, as related to the external stimulus, is important for the under- 
standing of tropistic behavior and it was considered desirable to study 
further the photokinetic effect of light 

The swimming appendages of Pinnotheres larvae are too small to 
be easily seen and another more smtable form was selected The 
water mite, Vmomcola ypsilophorus var haldemam Piers, found living 
as a parasite on the gills of Anodonta cataracta Say is, when free from 
host material, distmctly positive to light (Welsh, 1930) It progresses 
by using only the middle two of four pairs of legs, the first pair is 
extended forward, the fourth pair drags behind as balancers When 
these animals travel m water, on a suitable surface such as ground 
glass, their rate of locomotion is very constant in hght of a constant 
intensity, and they proceed in a straight line toward a source of hght 
It IS possible to obtam uniform data on velocity of progression as a 
function of hght intensity and at the same time to determine the fre- 
quency and extent of leg movements 

The experiments were earned on imder essentially the same conditions as m the 
work on the larvae of Ptnnotheres The mites were placed mdividually m a glass 
trough 30 X 4 X 4 cm , havmg a groimd glass bottom and polished sides The 
bottom was divided mto 5 cm lengths The trough was partially submerged m 
a water bath kept at 18 7°C ± 0 2° to ebmmate temperature changes The 
light sources were 6 volt, ribbon filament lamps, one at either end of the tank, 
arranged to yield parallel beams of hght of the dimensions of the mside of the 
trough The illummation toward which the animals were attracted and adapted 
before each trial was 21 7 foot candles at the center of the trough The variable 
hght source, without filters, gave an illummation of 255 foot candles at the middle 
of the trough, and by means of Wratten neutral tint filters this could be reduced to 
68 0, 10 6, 1 95, or 0 185 foot candles 

In a test an animal was attracted toward the adaptmg light and after 2 to 3 
nnnutes the light beams were reversed, the animal allowed to travel 10 cm , and 
then timed for the next 10 cm With this procedure, time consumed m primary 
onentation did not enter, and a uniform rate of movement had been acqmred 
before measurement was begun Leg movements could be counted easil}’- at the 
four higher mtensities, but below 1 95 foot candles, while it was possible to see 
the animals clearly, it was not possible to count the leg movements 
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Table I gives velocities, expressed as the reaprocal of the time to 
travel 1 0 cm , for three mdividuals These have been selected as 
representative of several series which it was found madvisable to 
average Each veloaty is the average of five determinations at a 


TABLE I 

Veloatiea of progression (centimeters per second) for three individuals at five 
different mtensities of hght Temperature 18 7® db 0 2° 



lotenolty 

Fig 1 Data of Table I plotted as \eIoaty (cm per second) against illumination 
(foot candles) Senes 1 represented by open circles, and Senes 2, represented by 
closed circles, were begun at the highest intcnsitj Senes 3, represented b> tn 
angles, was begun at the lowest intcnsil> 

given intensity Senes 1 and 2 ■were begun at the highest intensity 
and the illumination was diminished by successive steps, Senes 3 was 
begun at the lowest intensitj and the intensitj was increased As 
maybe seen m Fig 1, the results for the three mites are not identical, 
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although in each case when velocity is plotted against intensity a 
smooth curve is obtained, the curves are essentially similar in shape 
but are far from straight hues When the same data are plotted as 
velocity against the logarithm of the hght intensity (Fig 2) sigmoid 
curves are obtamed, and it is more evident that there are mmimum 
and maximum velocities below and above which changes m light in- 
tensity have no effect It is quite possible that m mstances where 



to ao JO zo 


log I 

Fig 2 Same data as m Fig 1 plotted as velocity of movement agamst the log- 
anthm of the light mtensity 

such a relationship has been found to be rectihnear, and therefore con- 
sidered to obey the Weber-Fechner law, that a middle range of inten- 
sities has been used which would yield essentially a straight hne when 
rate of progression was plotted against the logarithm of light intensity 
It IS also possible that m cases where hght has apparently had no effect 
on rate of progression a range of mtensities above that necessary to 
elicit a response has been used It is evident that there is 

here no very sunple relationship between speed of progression and 
hght mtensity, but as the “speed” is the result of a combined effect of 
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light intensity, but as the "speed” is the result of a combined effect of 
amplitude of stride and frequency of steppmg one would not neces 
sanly expect a simple relation 

If we examine the data on number of leg movements as a function 
of light intensity (Table II) it is mterestmg to note that as the inten- 
sity increases and the velocity lilewise mcreases, the number of leg 
movements per 10 cm path actually decreases This indicates that 
the length of stride must increase with mcreasmg mtensity of lUumina 
tion, while the frequency might or might not change As may be seen 
in Table II, both amphtude of stride and frequency of leg movements 
mcrease as certain functions of hght mtensity Fig 3 shows plots of 
averages of both amplitude and frequency agamst the loganthm of the 
light mtensity Amphtude of stnde is seen to be directly proportional 


TABLE n 

Numbers of leg movements m travellmg 10 cm., average length of stnde and 
frequency of leg movement, at four intensiUes of illumination 


lUiUBiaiUoo 
(foot ondles) 

ho of l«g tnorettienu per 10 on path 

Length of 
airldc 

FttQwacy 

Send 1 

Scnca 2 

SerleaJ 

Average 






(M 


1 95 

00 1 

60 2 

59 6 

59 96 

0 167 

2 125 

10 6 

58 4 

59 2 

57 2 

58 26 

0 172 

2 162 

6S 0 

56 2 

57 4 

56 0 

56 53 

0 177 

2 260 

255 0 

55 2 

56 0 

54 5 

55 23 

0 181 

2 281 


to the logarithm of the hght mtensity, as the plot yields a straight Ime 
Frequency of stepping, however, does not bear such a simple relation 
and yields a sigmoid curve Combimng the effects of two factors 
yields the velocity curves of Fig 2, and accounts for the shape of the 
curves m Fig 2 

A somewhat similar case was investigated bj Crozier and Stier 
(1925-26) These authors found that the relation between tempera 
ture and speed of progression m Malacosoma larvae was not a simple 
one, but that when frequenej and amplitude of movement of the anal 
prolegs w ere determined as functions of temperature the frequency w as 
found to vary directlj with the temperature while the amphtude of 
steps did not It is possible that such a relation exists between leg 
mov ements and temperature m Uniomcola 
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The change in length of stride in Umomcola is due to tonus changes 
in the leg muscles, this is due to the tonic effect of light, and is directly 
proportional to the logarithm of the light intensity over the range 
employed Such effects have been studied previously chiefly during 
orientation, or during the exhibition of circus movements resulting 
from blinding one eye In any case, the muscle tonus theory upheld 
by Loeb and others seems the only explanation of the observed effects 



Fig 3 Averages of amplitude of stride (open circles), and frequency of leg 
Qovement (closed circles), as function of the light intensity Data from Table 
I Combining these curves would produce a curve representing the average of 
.hose shown m Fig 2 


SUMMARY 

1 The speed of progression of Umomcola, a water mite, is influenced 
by light, and over a certain range increases as a function of the light 
intensity 

2 The relation between speed and light intensity is not a simple 
one, as the speed of progression is due to the combined effect of ampli- 
tude of steps and frequency of leg movement 
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3 The amphtude of stnde mcreases in direct proportion to the log 
arithm of the light intensity, while the frequency of stepping has no 
such simple relation to intensity 

4 The change in length of stnde with changing light intensity in 
dicates a tonic effect of hght on the locomotor muscles Such an 
effect has been observed previously m studies of onentation, due to 
unequal illummation, which produces changes m posture 
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THE COMBINATION OF CERTAIN PROTEINS WITH 
HYDROCHLORIC ACH) 

By DAVID I HITCHCOCK 

(From the Department of Physiology^ School of ifedicine, Yale University 
New Haven) 

(Accepted for publication, September IS, 1932) 

During the past few years the wnter has obtained electromotive 
force measurements of cells without liquid junction of the type 

(+) Ag AgCl HC! (0 1 u) + protein, H, (-) 

With the object of determimng the maximal combming capaaties of 
vanous proteins for hydrochloric aad The results of such measure 
ments with edestm (1) and gelatin (2) were interpreted as indicating 
that the protem exhibited a defimte maximal combining capaaty for 
each of the ions of the aad, combirang with considerably more hy 
drogen ion than chloride ion In arriving at this conclusion it was 
assumed that the mean activity coefficient of the hydrogen and chlor- 
ide ions was not affected by the presence of the protem, except for the 
small decrease in ionic strength due to the combination of part of the 
protem with both ions Similar measurements with casein have not 
hitherto been submitted for publication because no way could be found 
to interpret them on the basis of these assumptions It is now possible 
to interpret these data, as well as the experiments with edestm and 
gelatm, by assuming that none of the proteins combmes at all with 
chloride ion, that each protem has a definite maximal combming ca 
pacity for hydrogen ion, and that the mean activity coeffiaent of the 
ions of hydrochlonc aad is decreased by the presence of the protein in 
such a waj that its loganthm is a linear function of the protem 
concentration 

The latter assumption was suggested by the recent results of Tailey 
(3), who measured the solubUity of thalious chloride in solutions of 
nitnc acid containing varied amounts of edestm Wthout assuming 
any combination of ions wuth the protein, he calculated mean activity 
357 
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coefficients of thallous chlonde from his solubihty data, and found that 
these coeffiaents varied in the way just descnbed, which may be repre- 
sented by the equation 

— log -y = _ log yo -f jB g (1) 

In this equation 7 is the mean activity coefficient of a strong electrolyte 
in a protein solution, 70 its coefficient m a corresponding solution with- 
out protem, g is the protein concentration in gm per 1000 gm of water, 
and IS a positive number, a constant for each protein Failey also 
pointed out that the writer’s data on gelatin and edestin could be 
interpreted, -Ruthout the assumption of combination of the protein with 
chloride ion, by applying this linear relation to variations in the activ- 
ity coeffiaent of the chlonde ion only Since there is no way of meas- 
unng with certainty the activity coefficient of a smgle type of ion, it 
seemed desirable to find out whether the data could be interpreted by 
applymg Parley’s rule to the mean activity coefficient of the hydrogen 
and chloride 10ns 


EXPERIMENTAL 

The experiments with edestin (1) and gelatm (2) (Eastman Standard) have 
already been descnbed m detail Table I of the edestm paper (1) contams data 
obtained with hydrochloric aad free from protem, which were extrapolated by the 
method described elsewhere (4), giving the value Eo = 0 2193 volt for the cell 

(-I-) Ag, AgCl, HCl, H, (-) 

at These data were also used to obtam, by a short extrapolation, the values 

of the activity coeffiaent 70 of the protem-free acid The negative logarithms 
of these values are given m the fifth column of Table I 

Two preparations of casern were used Casern I had been prepared from rmlL* 
by the method of Northrop (5), which mvolves the filtration of an acid solution 
and the rejection of the insoluble portion Such preparations probably corre- 
spond to some of the more acid-soluble fractions obtamed by Lmderstr^m-Lang 
(6) Its ash content was about 0 5 per cent of the dry protem Solutions were 
prepared and concentrations calculated by the method used with edestm (1) 
The electrodes were prepared by the method previously descnbed (7) and the 
E M F was measured at 30°C as before ^ 


^ This casern was prepared bj hir C E Hemnchs, formerly techmcian in the 
Laboratones of The Rockefeller InsUtute 

-These exp»enments were earned out by bliss Esther R Mason, formerly 
research assistant m this Laboratory 
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Casern II was prepared, as m the ongmal method of Hammarsten (8), by pre 
cipitation from sUmmed milk with dilute acetic aad The casern was washed 
by decantation and dissolved by adding onl> enough dilute sodium h>droxide 
(0 02 if) to keep the pU below 7 0, as suggested by Cohn (9) The solution was 
filtered through paper pulp and treated with a dilute hydrochloric aad solution 
(0 05 ii) equivalent to twice the amount of alkali present This solution was 
added rapidly with violent stimng in order to carry the reaction past the isoelectnc 
pomt without causmg the casein to preapitate. This aad solution (pH about 
2 6), although quite clear, was again filtered through pulp, and the final precipi 
tation was made by slowly adding dilute sodium hydro^de, as suggested by Nor 
throp (5) The preapitated casein was washed by stimng and decantation until 
no appreaable change was found m the conductivity of successive wash waters 
after which the casern was filtered off and dried with alcohol and ether This 
preparation was much more difficult to dissolve m hydrochlonc aad than was 
casein I It was possible to obtam solutions only as concentrated as 5 per cent by 
treating the dned casern first with 0 01 u hydrodilonc aad, making use of the 
finding of Loeb and Loeb (10) that casein dissolves most rapidly in acid of about 
this concentration The aad concentration was then brought up to 0 1 m bv 
adding known amounts of a 0 2 ii solution and of water The casein concentrations 
were known from dry weight determinations at lOa'^ on the powdered preparation 
In making the e m p measurements, freshly plated electrodes were used for each 
solution * 


RESULTS AND DISCUSSION 

The results obtained with the four protein preparations are given in 
Table I The electromotn e force of such cells is given by the equation 

£ » £o — 0 06015 log mQmci 7* (2) 

Since there is no independent evidence for the combination of chlondc 
ion from hydrochloric aad with a protein in solution, piqi is taken as 
identical with tii, the total molahty of the and It is generally believed 
that a protein m aad solution combines wth hydrogen ion This be 
lief rests on reasoning by analogy with the behavior of ammo aads, and 
on the results of indicator experiments, pH measurements with the 
hydrogen electrode conductivity measurements, and cataphoresis 
measurements If this assumption is correct the molahty of free 
hydrogen ion, win, is equal to m — gx, where m is the total molahty 

* This work was done by Mr B \\ Cno and Mr A E Bcnaglia formerly 
techmoans in this Laboratory 
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TABLE I 


Electromotive Force at 30°C of the Cells Ag, AgCl, ECl + Protein, Hn 


Protein 

I 

£ ! 

i 

B 

— log 70 

-log 7 

10<B 

lO'i 

Edestin 

\ 0 1007 

13 05 

0 3568 i 

0 096 


8 0 

13 4 

Reference 1 

1 0 1020 

1 18 55 

0 3592 1 

0 096 

Hm 




1 0 1050 

42 35 

0 3732 

0 097 





0 1055 

62 70 

0 3961 1 

0 097 




Gelatin 

0 1000 

50 3 

0 3708 

0 096 

0 116 

4 0 

9 6 

Reference 2 

0 1000 

70 4 

0 3841 

0 096 ! 

0 125 




0 1000 

90 5 

0 4084 

0 096 

0 131 



Casein I 

0 1028 

11 2 

0 3534 

0 097 

0 107 

9 5 

8 0 


0 1054 

29 2 

0 3585 

0 097 

mSm 




0 1060 

46 6 

0 3652 i 

0 097 





0 1093 

66 3 

0 3715 

0 098 

mim 



j 

0 1105 

82 4 

0 3795 

0 099 

0 178 




0 1077 

83 4 

0 3821 

0 098 

0 176 



Casein II 

0 1000 

20 0 

0 3579 

0 096 

0 114 

8 8 

8 0 


0 0999 

30 0 

0 3615 

0 096 

0 122 




m 

40 0 

0 3654 

0 096 

0 131 




nn 

50 0 

0 3698 

0 096 

i 0 140 




in = molality of HCl 
g = gm protem per 1000 gm water 
E - observed e m f m volts, corrected to 1 atm dry Ho 
70 = activity coeffiaent of pure HCl of molabty m 

7 = activity coeffiaent of HCl m protein solution, calculated by the use of 
the selected value of r 

B — slope of line obtained by plottmg — A log y agamst g, usmg the selected 
value of X 

\ = maximum number of equivalents of H'*’ combmed with 1 gm protem, 
selected to give the best straight ime m the above plot 

of the acid, g is the protein concentration m gm per 1000 gm of water, 
and ^ IS the number of equivalents of hydrogen ion bound by 1 gm of 
protein Equation (2) then becomes 

£ = £o — 0 06015 log m (m — gx) y- (3) 

By assuming \ alues for x it is possible to calculate corresponding values 
for 7 from each measurement of e ii F , since £o, m, and g are known 
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If Failey’s rule applies, a straight line should be obtained on plotting 
—log 7 against g only when 7 has been calculated by the use of the cor 
rect value for x The data have been plotted in this way in Figs 1 to 
4 Since the acid concentrations differed somewhat from 0 1 ii, the 



Fio 1 Edestm + HCI Plot of - a log y against { A straight lino is ob 
tamed oiil> ific « 13 4 X 10"^ 

ordmatesof the figures arc not —logy, but — A log 7, which is —log 7 
+ log 70 According to Failcy’s rule this difference should be dircctl> 
proportional to the protein concentration, and whether this rule holds 
or not the curves must all pass through the ongin 





+ HCl 




C35c»n concenfrafion,^ 

Oisem I + HCl Plot of — a log y against g A straight line is obtained only if x 
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Fig 1 shows that with edestm a straight line is obtained only if 
a, = 13 4 X 10“*, with a possible uncertainty of ±0 1 X 10~* Fig 2 
shows that the same is true for gelatin only if a- = 9 6 (±0 05) X 10“* 
It IS noteworthy that these figures for the numbers of equivalents of 
hydrogen ion combined with 1 gm of protem are identical with those 



Casein conccn+ra+ion, g 

Fig 4 Casern II + HCl Plot of - A log y against g A straight Imc is 
obtained onl\ if a: = 8 0 X 10"* 

previously calculated from the same data (1, 2) on the basis of other 
assumptions 

Figs 3 and 4 show that the data for casein are somewhat less defi- 
nite, but in each case the points fall most nearly on a straight line if 
■t = S 0 (=0 25) X 10“* This value for the maximum combining 
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capacity of casein for hydrogen ion is intermediate between the values 
(6 and 9 X 10"*) calculated by Cohn (11) in 1925 from compiled data 
on casein prepared m vanous ways In the present experiments the 
method of preparation of the casein seems to have had no effect on the 
value of the combining capacity, x, but only on the value of B, the 
slope of the graph of equation (1) 

The ^ alues of B which are given in Table I are those obtained by the 
use of the values of x selected as gi% mg the best straight hnes These 
values are all considerably less than the slopes calculated by Tailey (3), 
either from his own data or from the results of other workers No rea- 
son IS known for this discrepancy, except that Failey’s calculations from 
the present writer’s data are probably illogical because they involve 
contradictory assumptions as to the activity coeffiaents of the hydro 
gen and chlonde ions 

By combinmg equations (1) and (3), and using the selected values 
of V and B and the expenmental values of £<,, yo, m, and g, it is possible 
to obtain calculated values of E The values obtained in this way are 
in fully as good agreement with the observed values as those previously 
published, but since the graphical method of Figs 1 to 4 proves the 
same point somewhat more directly, it seems unnecessary to include 
the calculated values of L in Table I 

SHHMARV 

Electromotive force measurements of cells without liquid junction, 
of the type Ag, AgCl, HCl -I- protein, Hj have been made at 30°C 
with the proteins gelatm, edestin, and casein in 0 1 ir hydrochloric 
aad The data are consistent with the assumptions of a constant 
combining capaaty of each protein for h> drogen ion, no combination 
with chlonde ion, and Eailey’s pnnaple of a linear vanation of the 
loganthm of the mean activity coefBaent of the aad with increasing 
protein concentration The combimng capacities for hj drogen ion so 
obtained are 13 4 X 10“* for edestin, 9 6 X 10“* for gelatin, and 8 0 
X 10“* for casein, in equivalents of combined H pergm of protein 
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ON TEMPERATURE CHARACTERISTICS FOR DIFFERENT 
PROCESSES IN THE SAME ORGANISM 

By T I B STIER and ERNST WOLF 
{From the Laboratory of General P/:ystoIogy Harvard Umverstty, Cambridge) 

(Accepted for pubhcation, September 8, 1932) 

I 

It IS of interest for the theory of temperature characteristics of 
vital processes to test the assumption that in many cases the quantity 
li in the expression In Kx n/RT may have a specific, local significance 
One view in this connection has been expressed by Murray (1925-26) 
in a paper on the relation of temperature to the rate of contraction of 
embryomc heart muscle fragments of the chick in culture He re 
ported that be found no constancy in the values of the “temperature 
characteristics” (jt, in the Arrhemus equation, cf Crozier, 1924) and 
no constancy in the “latitude of variation" (Crozier and Pedenghi, 
1924-25, Crozier and Stier, 1926-27, a) over any portion of the tern 
perature range 

As an explanation for the reported lack of constancy in the values of 
the temperature characteristics Murray proposed that “possibly the 
regularity of the temperature effect as crapincally determined upon 
certam functions tn mvo depends to a greater extent than is acknowl- 
edged upon the integnty of the organization and the interrelation- 
ships of the parts of the whole, and less upon one particular chemical 
reaction or catalyst” (Murray, 1925-26, p 788) The inadequacy of 
this notion has been discussed by Crozier and Stier (1926-27, c) 

The suggestion might be understood in either of two wajs The 
“organization” — factor might pertain simply to the heart or other 
structure immediately imphcated in the observations, or it might be 
taken as a feature of the organism as a whole The former effect 
must be granted at once as an obvious truism, in the sense that the 
structure of a heart, for example, permits control by a definite local 
ized pace maker The latter \ncw can be tested by determining sunul 
367 
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taneously the temperature characteristics for two or more different 
activities in the same individual Such experiments were made with 
Asellus (Crozier and Stier, 1926-27, b), determining synchronously 
the frequencies of heart beat and of respiratory movements m the 
same individual It was found that the frequencies in these organs 
do not vary together, neither do they have the same temperature 
charactenstic {cf Fig 7, Crozier and Stier, 1926-27, h) This holds 
also for the embryos of Ltmulns, the frequencies of gill movements 
jnelding increments quite different from those obtained for the hearts 
(Crozier and Stier, unpubhshed) 

The following expenments were made with more careful refinement 
of technique m order to test further the notion of whether the organ- 
ism as a whole would determine one temperature charactenstic for all 
its activities 


II 

The cladoceran Dapltma was chosen because its respiratory move- 
ments and its heart beat are easily visible through the transparent 
carapace, and since Cladocera reproduce parthenogenetically, one ob- 
tains successive broods of individuals unusually uniform genetically 
and highly comparable in development The Daphma used for 
the greater part of these expenments {Daphma magnd) were at least 
second generation descendants produced parthenogenetically from 
one individual The stocks for these expenments were furnished by 
Dr L A Broivn from his highly “purified” cultures We wish to 
thank him for his kindness to us during these experiments 

A single animal was placed in a small glass trough through which a small stream 
of OX} genated culture fluid (c/ Banta, 1921 , for ingredients) was allowed to flow 
Each individual was placed in a glass tube of a bore sufficient to hold the animal 
without pressure, then bv rotating each tube the heart and “gills” were both visible 
when the illumination was properly adjusted from below Culture medium 
through which air had been bubbled for 10 hours was run into each tube in a small 
stream through a small-bore glass nozzle Light was admitted through a window 
in the bottom of the water thermostat into which the glass container holding the 
preparations could be lowered The observing microscope and an objective used 
as a water immersion lens passed through the cover of the vessel holding the ani- 
mals, also a thermometer reading to 0 01® The temperature of the water bath 
was held constant to within =b0 01°C A thermostat similar to the one described 
b} Crozier and Stier (1926-27, c) v as used for these expenments 
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Time for ten to t^\enty movements of the heart and ‘gills teas tahen siraultane 
ously noth stop watches by two observers' who could view the same preparation b> 
aid of a divided ocular (“demonstration ocular ) 

m 

The results of the expenments presented in Table I and Figs 1 and 
2 do not uphold Murray’s contention of a control of the magnitude 
of temperature characteristics by the tv hole organism, the same value 
of II was not found for each of two processes tested simultaneousH 
in the same organism These differences of magmtudes of thermal 
increments for heart beat and respiratory movements respectively in 
Daphnta indicate that the frequencies of movements are controlled by 
different “governing reactions” (Crozicr, 1924, 1923-26, a) 

Not only do differences of temperature characteristic for these two 
processes exclude the possibibty of the organism exerbng some general 
kind of control, but there are differences in the behavior of the two 
organs pointmg to an mdependence of direct control of one organ over 
the other (1) Whenever “spontaneous movements” occur one can 
be sure to find some alteration in the frequency of gill movements, 
even as much as a temporary cessation, however, the heart beat usu- 
ally continues with unchanged rhythm (2) There are greater 
numbers of instances showing a “breaV” in the bnc idaling frequency 
of respiratory movements to temperature thim in the plots for heart 
beat There are seven such mstances for “gills” and only one for 
heart beat where p = 12,500 above 11 I'C and 25,000 below (3) 
The absolute frequenaes of heart beat and “gill” mov ements differ by 
about 100 per cent 

Average critical temperatures (Crozicr, 1925-26, b) for respiratorv 
activity occurred at 3 4°, 5 0°, 11 2°, 13 0°, 14 4°, and 18 9° Tor 
some reason as yet unknown, these values do not agree closely (ex 
cept at 5 0°, 14 4°, and 18 9°) wath the modal values usually found for 
many biological processes (Crozier, 1925-26, b) Illustrations of 
other cases in which “atypical” values appear can be found m rcspin 
tory movements of decapitated grasshoppers (Crozier and Sticr, 1924- 
25), and in the pulsations of “accessory hearts ’ in the amputated legs 

' For assistance in these cxpenments we arc indebted to Mr T Thornton 
Oxnard 
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ii 

Respiratory movements 

Heart 
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Fig 1 All the graphs obtained from twelve etpenments with Daphma are 
gi% en diagrammaticalli The Imes are based on six or more observations (each 
the a\erage of at least ten stop-watch readmgs) spaced less than a degree apart 
In cases where hnes are based on fewer observations small crosses indicate the 
actual position of the obsen-ations m relation to the line 
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of NoionectO’ (Crozier and Stier, 1926-27, h) In each of those cases 
progressive changes in the preparation are leading to death, so that 




Fig 2 T>'pical observations on frcqucncj of heart beat and of rcspinitor> mo\ e 
ments made simultaneously by two observers at constant temperature from two 
experiments with Daphma o\ cr a wide range of temperature (c/ Fig 1 for all other 
experiments) Open circles refer to gill movements solid circles to heart beat 
In each case there is a difference in the magmtudes of the temperature charactens 
tics for heart beat and for gill movements Another difference is found in the 
unbroken Ime relating frequency of heart beat to tempenture whereas for rcspira 
tory movements a hreak always occurs yielding two increments one above the 
break and one below (c/ also Fig 1) Two additional breaks *occurabovc21 9 C 
m the graph for Experiment 3 Above this temperature thermal ‘ destruction'’ 
occurs and consequently the obscrvutions for both processes fall below the lines 
fitted to the data m the lower temperature range For additional illustrations of 
this type of hreak, consult Crozier 1925-26 a 
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abrupt change of fi comes about as a function of time, independently 
of change of temperature 

In Daphma the cntical thermal increment, 12,000 calories, appears 
only twice, and m each case it is obtained for frequency of heart pul- 
sations, never for respiratory movements This value has been fre- 
quently obtained for heart beat — rarely for respiratory movements (cf 
Crozier, 1925-26, b) 


TABLE I 


Significant tempera ture characteristics based on six or more observations spaced 
less than a degree apart \ itid average values of /x 


For respiratory movements 

6,500 

1 instance 


8,080 

4 


11,080 

3 


14,900 

2 


16,550 

2 


20,940 

1 


32,430 

3 

For 1 e irt beat 

6,700 

1 


12,550 

2 


' 13,970 

3 


16,000 

1 


21,600 

1 


24,200 

1 


28,950 

2 


35,000 

1 


Sample experiments can be found in Fig 2 


TV 

We did not obtain the same temperature characteristic for each of 
the tv.o processes measured simultaneously in the same organism 
Furthermore, our observations on the behavior of the two processes 
vath reference to “spontaneous” movements, absolute magnitudes of 
their frequenaes, cntical temperatures, and the distinct difTercnccs in 
the kinds of cur\TS obtained, lead to the conclusion that the organism 
as a vhole has no control over the determination of temperature 
charactenstics for its separate activities It is assumed that the initia- 
tion of pulsation anses in each organ in a few groups of cells,— pace 
makers, the inner metabolic states of these cell groups arc thought to 
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be differently adjusted so that each organ might yield independently 
any one of the modal thermal increments represented m the senes of 
hnked chermcal reactions governing the frequency of contraction 
{cf Crozier, 1924-25) 

It IS highly probable that there may be instances when the same 
temperature charactenstic would be obtained simultancouslj for 
several processes m the same mdividual organism Distnbution poly- 
gons of cntical increments obtained from data on heart beat and rates 
of many other vital processes were found by Crozier (1925-26, a) to 
be supenmposable — the same modal values of the temperature char 
actenstic bemg obtamed for heart beat and for all other vital processes 

What determines the change from one temperature charactenstic to 
another for any physiological activity mthin the organism? Can 
the orgamsm by virtue of its own organization control the change from 
one governing reaction to another m all of its different processes? The 
data we have reported uphold the view that the cntical increment for 
each process is dependent upon the metabolic state of the elements 
governing its activity (c g , the pace makers controlling the frequency 
of the heart beat) , the temperature charactenstic of a process is ap 
parently independent of other processes in the same organism and is 
certainly not dependent upon a general “organization” factor 

SUMMARY 

The temperature charactenstics (ji) for tno activities (heart beat 
and respiratory movements) studied simultaneously in the same indi 
vidual orgamsm (Daphma inagna) were always found to differ m 
magnitude The type of graph obtamed when the frequency of these 
movements was plotted according to the Arrhemus equation was also 
distinctly different for each activity The organism therefore does 
not determine a umform magnitude of the temperature charactens 

* In a recent intcsligation (tVolf 1932-33) of the relation of temperature to the 
pulsation frequenej of the adviscetal and abviscetal heart beats of Ciena tntesti 
ttalts the same temperature characteristics and cntical temperature were oblaincd 
for advisceral and ab\ isccral beats The pulsation frcquenc> of ad and abiasccral 
heart beat was the same at an> temperature in anj one mdiiadual These find 
mgs mdicatc that the general metalxilic condition of the two ends of the heart 
(pace makers) is the same m am one mdisidual 
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tic for each of it'; actiMtic';, the %.ilucs of }i mu';! tlicrcforc ha\c, to 
this extent, a local, «:pteiric meaning 
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The Effect of Subst i t u t in g KQ for NaCl in Artificial 
Sea Water 

By E B DAMON 

(From ihe Lahoralona of The Rockefeller Insttlule for Medical Research) 
(Accepted for publication, July 29 1 932) 

In a study of bioelectric potentials m V alonta macrophysa, the effects 
produced by KCl are especially interesting m view of the remarkable 
degree to which this salt is accumulated m the cell sap ' The present 
report deals with changes m the pj) across the protoplasm when a cell 
IS transferred from natural sea water to certain artificial solutions 
resembhng sea water, m which the concentration of KCl is varied from 
0 to 0 500 mol per liter 

These solutions had the following composition, based on a reape for artifiaal 
sea water recommended by McClendon, Gault and Mulholland * 

Cl 0 570 molar 

K + Na 0 500 molar Br 0 001 ‘ 

Ca 0 011 SO< 0 028 

Mg 0 054 HCOa 0 003 ' 

An artifiaal sea water made up m accordance with this formula lakmg 0 012 as 
the molar concentration of KCl has proved to be a satisfactorj imitation of natural 
sea water for the purposes of these experiments Valoma cells haw been kept in 
this solution for w ecks and apparentl> will Ii\ emit mdeCnilclj The p d across 
the protoplasm of Voloiita cells immersed in this solution is m good agreement 
ivith the values observed m natural sea water 

Measurements of eji t were made b> a compensation method using a simple 
t>’pc of potcnUomcler and a Compton quadrant electrometer By using this 
combination as a deflection potentiometer as man> as three readings per mmutc 
could be taken provided that the P d was not changing so rapidly as to require 

* For analj'ses of Volonta sap and a bibliography, sec Osterhout W J V , 
Btol Rev 1931 6, 155-216 particular!) Table I p ISS, and Footnotes 1 and 2, 
p 156 

* McClendon J F , Gault C C and Mulholland, S Carnegie InsUUdion cf 
Washington Pub Ao 257,1917 
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rcsLttinr tlu poicniionult r Ilic sci)m(i\i(\ of tlit tUctromcttr ptrmittcd reel- 
ing to 0 1 nn 

JliclcclinicofniLisiiringri) wiili 1 rt/ow/rt h.is hern (ksrril)c.(l in dctnil in cnrlicr 
pipers ■' J lie reli, supported h) a four-pronged corl mount, is implied on a gloss 
capill.ir\ filled evith nrtificnl sap, through wliieli electricnl connection with the 
\acuolc IS estihhshed Contact with the outside of the cell is mode through a 
strij) of wet filter jnper touching its highest point, the solutions npjihcd to the cell 
flow down the filter piper and oeer the entire cell surface llie rate of flow is 
iisinlh 2 to 1 cc per minute \Micn the solution ipiihed to the cell is clnngcd, 
the cell IS rinsed with .ibout "i cc of the new solution delnered rnpidh from a pipct 
This rapid rinsing is a small hut important iinproiemenl in teehnic in cases where 



Fig 1 Diagram showing the arrangement of an impaled Valouta cell (sup- 
ported on a cork mount) m an experiment to demonstrate the cfTcct of a second 
solution w'ctting a part of the cell surface 

the p D passes through a maximum It has been show n® that the p d max be 
decreased considerably by the presence of a second solution wetting a part of 
the surface of the cell, consequently, too slow rinsing ma} prex^nt the p d from 
reaching its full maximum value 

The followmg experiment furnished a particularly striking example of the effect 
of a second solution xxetting a part of the cell surface The arrangement of the 
cell is shoxvn in Fig 1 Strips of wet filter paper, a and h, serx'cd to make elec- 
trical contact with opposite ends of a rather long cell, impaled with its long axis 
nearly horizontal The p D measured directly betxvcen the ends of tlie cell 
could then be compared with the difference between the p d ’s measured betw’een 


® Damon, E B , T Gcii Physio! , 1929—30, 13 , 20/ 
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the interior of the cell and the opposite ends When natural sea water was applied 
at both ends, the pD betv.cen the interior of the cell (positive in the external 
arcuit) and a was found to be 4 6 mv , that between the intcnor and ^ 5 4 mv 
The difference, 0 8 mv , was in good agreement with the value, 0 9 m\ , measured 
dircctlj between a (positn e) and h This is in accord with the behavior of mtact 
cells where the more pointed end, at which the cell had previousl) been jomed 
to the parent cell, is generall> found to be slightl> positive with respect to the 
opposite end ^Mien natural sea water at a was replaced b} KCl sea water (« c 
the artifiaal sea water described above rrath all Nad replaced h) KO), h became 
positive with respect to a, the pd varying between 3 8 and 5 8 mv This agrees 
with the usual behavior of intact cells m such experiments Measurement between 
the interior of the cell (positiv e) and KCl sea water at o showed 12 5 mv , between 
the interior and natural sea water at 6, 7 t mv , difference, 5 4 mv KCl sea water 
was then applied at both ends of the cell the entire surface was nnsed with KG 
sea water, and the p d was measured between the interior of the cell and the two 
ends, o and b, connected together This pd rose rapidlj, passmg through a 
maximum value of over 70 mv which we shall see agrees with the usual behavior 
of unpaled cells measured with KG sea water From this and similar expen 
ments we conclude (1) that these measurements were not affected b> impale 
ment * and (2) that the p d with KCl sea water may be greatly diminished if a 
part of the cell surface remains wet with natural sea water 

Electrical effects observed when Valonta cells arc exposed to artifi 
cial sea waters containing different concentrations of KCl arc illus 
trated by the p d time curves, Fig 2 These seven curves represent 
a scries of measurements on the same cell using samples of modified 
artificial sea water in which the concentrations of KCl (in the order 
m which the measurements were carried out) were 0 400, 0 500, 0 300, 

0 200, 0 100, 0 050, and 0 000 mol per bter The pH of the solutions 
used in this senes was adjusted to the same value as that of natural 
sea water, as indicated by the color of cresol red 

The PD time curves with KCl rich sea waters closely resembled 
the curves obtained with natural and artificial VaJoma sap,® and arc 
doubtlessly to be interpreted m the same way In both cases there 
was an initial rise to a maximum, followed by \ rapid fall to a minimum, 
and then a gradual rise to a second maximum This behavior has 

^ In all experiments the impaled cells are allowed to stand in sea water for at 
least 2 da>’S before the first measurement to permit the cell to form a good «cal 
between the protoplasm and glass and to recover from an> temporarj effects of 
impalement 

® Damon E B J Gen Physiol 1931-32 16,525 






Fig 2 p d -time curv^cs, obtained from a senes of measurements on the same 
VaJoma cell, shonmg the changes m tlic pd across the protoplasm which are 
obsen^ed w'hen the external solution is changed from natural sea water (shaded 
circles) to artificial modified sea waters (open arcles) in which the concentration 
of KCl IS varied from 0 to 0 500 mol per liter The scale of ordinates at the left 
apphes to the 4 lower curves, the scale at the right to the 3 upper ounces The 
sign IS that of the inside of the cell, ; c , for positive values of p d , positive current 
tends to flow m an external circuit from the capillary through the measuring instru- 
ment to the solution applied externally 
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been interpreted as due to an increase in the concentration of KCl m 
the mam body of the protoplasm ’ ‘ If this explanation is correct, 
the shape of the p d time curves should serve as a rough measure for 
comparing the cates at which KCl enters the protoplasm under dif- 
ferent conditions, i c , other things being equal, more rapid penetra- 
tion of KCI should cause the curve to fall earlier and more sharply 
from its first maximum, and also to rise again more rapidly after 
passing through a mmimum 

Application of this hypothesis to experiments in which the pH of 
the external solution was varied brings up some mterestmg questions 
It has been found that the p n across the protoplasm of Valoma cells 
m natural sea water is not affected appreciably by changes in the 
pH within the range pH S to pH 10 We may therefore expect that 
withm these limits changes m the pH of h-Cl nch sea water will not 
alter the value of the imtial maximum p n Certain theories' which 
have been proposed to account for the accumulation of KCI in Valoma 
sap, however, lead to the prediction that varymg the pH of KCI nch 
sea water apphed to the cell should change the rate at which KCI enters 
the protoplasm, and hence should affect the shape of the pj) time 
curve These theories, while differmg m several important respects, 
are alike in connecting the mechanism of accumulation with the dif- 
ference between the pH of the sap and that of the external sea water 
a difference which is supposed to be maintained bj the production of 
HjCOj or some other acid in the cell Increasing this difference by 
raising the pH of the external solution should enhance the rate at which 
KCI enters the protoplasm, conversely, lowering the pH should inhibit 
the entrance of KCI 

These conclusions were tested by comparmg the p n time curves 
observed when a cell was exposed to samples of KCI rich sea water of 
different pH Effects due to vanations m pH can be detected more 
easily with solutions containing a relatively low concentration of KCI, 
since with these solutions the characteristic fluctuations m pj) are 
ordinaril} not very rapid In the artifiaal sea water used in this 
experiment the concentration of KCI was 0 030 molar The pH of 

' Bnggs G E , Proc Roy Soc London Smes B, 1930 107, 248 Brooks, 

S C , Protoplasma 1929 8, 389 Osterhout W J V Pros Soc Exp Btol and 
Med 1926 24, 234 Btol Rev 1931 6, 150-216, particularlj p 199 
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the more acid sample, determined b\ an indicator method, ^\as about 
5 at the beginning of the experiment, at the end, 3 dajs later, it had 
changed to about 6 The alkaline solution was initially at about pH 



Fig 3 p d -time curves, illustrating the effect of changmg the pH of K.CI-nch 
sea water contammg 0 050 mol of KCl per liter from pH 5 (triangles) to pH 10 
(ardes) The shaded triangles or cirdes represent the last of the three measure- 
ments of each series As ordmates are plotted the differences between the p d 
across the protoplasm m the KCl-nch sea water and the p d previousl} observed 
m natural sea water The curves are displaced horizontally to prevent confusion 
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10, as shown by incipient precipitation of llg(OH)j, but probably 
became less alkaline before the end of the e'cperiment In order to 
distinguish between effects due to possible alteration in the cell during 
the experiment and effects actually produced by varymg pH, three 
measurements were made on each cell, applymg the acidified and alka- 
Ime solutions alternately The cell was allowed to stand overnight 
in natural sea water between measurements Results of such experi 
ments with two different cells are shown in Tig 3 It will be seen 
that in every case the first peak of the p n time curv e is broader in 
the measurements with the more acid solution, and that the rise 
after passing through a minimum is more moderate This might be 
interpreted as evidence that KCl enters the protoplasm less rapidly 
from solutions of lower pH To this extent, the experiment is in 
agreement with the theories for accumulation of KCl 

In the vacuolar sap, however (where the concentration of KCl is 
about 0 S molar and the pH is about 6), the concentration of potassium 
IS ten tunes as great as m the KCl nch sea water here employed at 
pH 5, while the concentration of H+ is only about 1/10 as great 
According to the theories for accumulation of KCl, we should expect 
potassium to come out of the cell under these conditions The p D - 
tune curves with this acidified KCl nch sea water, on the contrary, 
have the charactenstic shape which has been explained as due to the 
entrance of KCl Turthermore, the p D in natural sea water remains 
constant when the pH is lowered to S, showing no such changes as 
might be expected if KCl were commg out of the cell This conflict 
between the theones dealing with the accumulation of KCl and the 
interpretation of these p n tune curx es can probably be deaded bj i 
study of the composition of the sap of Valoma cells which have been 
exposed to aadified sea water ’ 

Smee lowenng the pH of KCl nch sea water broadens the first peak 
of the PD tune curve without apparently affectmg the xalue of the 
maximum p d , the probability of observing the full value of this maxi 
mum can be increased bj using acidified solutions Advantage is 
taken of this m some of the later measurements desenbed m this paper 

It IS evident from inspection of Fig 2 that the first maximum in 

^ Such experiments have been under waj for some lime at this laboraton , and 
will be published m the near future 
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Natunl "^ca water 


X 

(in equilibrium with natural sea water) 

IJ 

1 

Vacuolar sap 


KCl-nch sea water 


A' 

(in equilibrium with KCl rich sea water) 

(in equilibrium with natural sea water) 

11 

r 


Vacuolar sap 


Fig 4 IljpothcUcnl diagrams illustrating the thcora of protoplasmic la\crs 
The middle laaer, IF, represents the main bod> of the protoplasm, assumed to 
be aqueous A' and V represent the external and internal surface la 3 ers of the 
protoplasm, which arc assumed to have the properties of two difTcrent non-aqueous 
liquids, immiscible with water The obserxed p D 's are accordingK considered as 
made up of phase-boundao potentials at the surfaces of A' and Y, plus diffusion 
potentials within the different la>crs 

The upper diagram represents conditions when the cell has been exposed to 
natural sea water for a long time, so that tlic cxtcmal la>cr. A', is in distribution 
equilibrium w'lth natural sea water For the purposes of the present discussion, 
the p D at fi (the inner surface of X) and all other p d ’ s located between b and the 
x'acuolar sap maj' be lumped and called pd o The pd with natural sea water 
may then be considered as the sum of p d o plus the phasc-boundarv potential at a 


^ ® natural s v 


P D o + P D 0 


The lower diagram represents conditions supposed to correspond to the first 
maxraiiun m tlie p d -time curve, soon after KCl-ricb sea xvater has replaced 
natural sea water as the cxtcmal solution The outer region of the X lajer, 
between a' and c, is now m distribution cquilibnum wntli KCl-rich sea water, 
but between c and b concentrations still remain the same as w hen the cell was in 
natural sea water At b, and below, cverythmg remains unchanged, the x'alue 
of P D 0 IS therefore the same as in the measurement xxnth natural sea water At 
the outer surface of X, however, conditions have changed from tlie situation 
represented at a to that at a', and at c a new diffusion potential has been set up 
Hence we now have 

The change in p d across the protoplasm when natural sea water is replaced by 
KCl-rich sea water is accordmgly 

T>TN — PD * 1 — PDa''i“PDc — PDo 

^ ^ K.C1 rich J tp ^ natural s uf 
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In other words, the initial nse m pm corresponds to the pj) of the hypothetical 
chain 


KCl nch 

region of the 

region of the 

natural 

sea •water 

outer surface 

outer surface 

sea water 


layer of the 

layer of the 



protoplasm m 

protoplasm m 



equilibrium 

equUibnum 



■mth KCl nch 

with natural 



sea water 

1 sea water 

1 

1 

a' c 

a 


the time curve represents the only value of the pj) which can be cor 
related with the concentration of KCl in the external solution From 
examination of these curves and other similar data it appears that 
greater regularity is found if we subtract from this value the P D 
previously observed m natural sea water (Similarly, in studying the 
concentration effect with natural sea water* it was found that it is 
the difference between the p d ’ s in natural sea water and in diluted 
sea water which is proportional to the logarithm of the dilution ) In 
terms of the theory of protoplasmic layers,* illustrated m Fig 4, we 
may assume that only the outer surface layer of the protoplasm, X, 
and the solutions apphed externally are concerned in this first sharp 
rise in P D The difference between the initial maximum in the pji - 
time curve and the p d previously observed m natural sea water then 
represents the E M p of the ideal system 


KQ nch 
8ca 
water 


outer surface 
layer of the 
protoplasm 


natural 

sea 

water 


In cases where this assumption is meorrect, some KCl having diffused 
through the external surface layer before the p n attains its maximum, 
the observed value will be low er than that corresponding to this ideal 
system Other thmgs being equal, therefore, the higher of tw o \ alues 

* Damon E B and Osterhout W J V J Gctt Physiol 1929-30 13, 445 
•Osterhout, W J V,J Gen Physwl 1927-28, U, 83 Oaterhout, W J V, 
Damon, E B , and Jacques A G , 7 Gen Physiol 1927-28 11, 193 Damon, 
E B,/ Cm Physiol 1929-30,13,207 1931-32 16,525 
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IS probably the more reliable, extremely low values must be vicuecl 
with suspicion 

While the variations in the shape of the r i) -time curves were less 
pronounced with ICCl-nch sea w'atcr than with Valoma sap/ ® the 
shape of the cur\e did not always permit .issigning a definite value 
to the first maximum In some cases the first peak was so sharp that 
the p D had begun to fall before the first measurement could be made 
In other cases, the rise to the first maximum was so slow as to lead to 
suspicion that some KCl had diffused through the outer surface layer 
before the maximum p d w'as reached This difficulty was generally 
found m cases wdiere the cell had become coated with a gelatinous film 
of marine bacteria, it may hav^e been caused by baetcria also in cases 
w'here this film was not detected Oeeasionally the lime curve passes 
through a point of inflection instead of a maximum,’® in such cases 
the assignment of a definite v^alue to the p d w'ould obvuously be more 
or less arbitrary 

In Fig 5, differences between the p d in natural sea water and the 
first maximum in the p d -time curv'c wnth KCl-rich sea water are 
plotted against the concentration of KCl in the modified sea w’ater 
From a series of thirty-fiv^e measurements (including the ones reported 
in Fig 2) wdnch had been carried out primarily to study the form of the 
p D -time curve, twenty-nine curves were obtained which permitted 
assigning definite values to the first maxima These values are repre- 
sented by shaded circles in Fig 5 The five points represented by 
triangles were taken from some earlier exploratory measurements, 
and may not be strictly comparable with the more recent data, since 
with these solutions, as with Valoma sap,® the p d may be considerably 
affected by the condition of the cells Measurements wnth KCi-free 
sea water were not included in Fig 5 because tins solution seemed to 
be injurious to Valoma While in some experiments the behavior 
of KCl-free sea water agreed with the curve marked “Ck = 0” in 
Fig 2, in others secondary changes occurred similar to those observed 
when Valoma cells are exposed to hypotonic diluted sea w^ater for a 
short time, or to isotonic diluted sea water for a longer time ® These 

1 ’ ® A P D -time curve of this form (with artificial sap) is shown in an earlier 
report, J Gen Physiol , 1929-30, 13, 215, Fig 6, Curve B 
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changes are evidenced b> erratic fluctuations in the p d , and some- 
tunes by high p D 's of opposite sign (inside of the cell negative) It 
now appears that a moderate reduction in the concentration of KCl 
does not necessarily involve mjury to the cell, smce Jacques and 



Fic S Curve showing the relation between the concentration of KCl m 
modified sea water and the P d aaoss the protoplasm m Volonia The ordi 
nates represent differences between the pd in natural sea water and the first 
maximum in the pj) tune curve i\hen natural sea vt’ater repbeed bj KCl 
rich sea ^“ater Each group of points represents measurements with a single con 
centration of KCl but m order to show all the observed \*alues some of the points 
ha\e been displaced to the right or left of their true abscissae 

Triangles represent five measurements on four T cb«io cells, collected Nov 
25 1929 measured Jan to Feb 1930 Shaded ardes represent twenty nine 
measurements on fifteen different cells, collected Nov 14, 1930 measured Nov , 
1930 to Jan 1931 In these measurements the modified sea water had the same 
pH as natural sea water Open ardes represent fift>-one measurements on ten 
individuals collected Ma> 25, 1931 measured June to Julj 193! In these 
mcasutements the modified sea water was aadiCcd to pll 6 

The curve drawn through these groups of pomts is identical v\ith the curve 
drawn in Fig 0 
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Ostcrhout” have recently found that Valoma cells sunuved exposure 
for 20 da 3 fs to modified sea vater containing one half the usual 
amount of KCl 

^^^llle these data vith KCl-rich sea ivater shoued that the initial 
change m pd varies in a regular manner with the concentration of 
KCl, the}’- seemed hardly adequate for determining the exact relation 
between pd and concentration Since these thirt}-four accepted 
values represented measurements on nineteen different cells, an a\er- 
age of less than tw'o measurements per cell, possible variations among 
the individual cells might w ell prove ver}’ misleading Furthermore, 
the rejection of a number of unsatisfactory observations introduced 
an undesirable subjective factor Accordingly, it seemed worth while 
to carry out a new senes of measurements for tlie express purpose of 
determining the value of the initial change m p d w’hen sea water is 
replaced by KCl-nch sea w'ater 

In the earlier experiments, the cells had been exposed to modified 
sea water for an hour or more in each measurement, tlie solutions had 
been adjusted to the same pH as natural sea w’ater In the new series, 
the pH of the KCI-rich sea w’aters w’as low’ered to 6 in order to broaden 
the first peak of the p d -time curves, and thus increase the probability 
of obsemng the fuU value of the p D change To reduce to a mini- 
mum any possible alteration in the cell produced by exposure to 
KCl-nch solutions, the cells w’ere left in contact with these solutions 
only just long enough to determine the full x’alue of the P d change, 
as soon as the p d had started to fall from its first peak (generally 
within about 3 minutes) the cells were replaced in natural sea w’ater 
and allowed to stand overnight or longer before the next measurement 
No evidence of marine bacteria in quantities which could be detected 
by macroscopic observation was noted during these experiments 
The data obtained in this series, fifty-one measurements on ten cells, 
are shown plotted as open circles in Fig 5 In a number of cases, 
where the cell was measured more than once with a given solution, 
the highest observed value of the p d is reported The agreement of 
this senes wath the earlier data confirms the assumption that the values 
of the first maxima are not altered by moderate changes in the pH of 
KCl-nch sea water 

“ Jacques, A G , and Osterhout, W J V , 7 Gen Physiol , 1931-32, 16, 537 
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The new data are free from some of the defects of the earlier series 
Due to the larger number of measurements with each cell, \ anations 
among the mdividual cells affect all parts of the P D concentration 
cun'e more or less equally Since doubtful measurements could be 
repeated, it proved unnecessary to reject any measurement except in 
favor of a similar measurement with the same cell The personal 
factor was thus greatly decreased, although not wholly eliminated 
Another uncertainty still remained it became apparent that the 
behavior of some of the cells was changing considerably during the 
senes of measurements It was difficult to estimate hon nearly such 
changes in different cells would compensate one another 

It was concluded that the most reliable data for detcrmming the 
relation between p d and concentration of KCl would consist in a 
series of measurements in duplicate on a single cell, in which the 
agreement between the first and second values observed with each 
solution would indicate to what extent the cell had changed dunng the 
experiment Several series of measurements in duplicate were earned 
out in accordance with this plan The most successful of these, in 
which the cell evidently suffered no significant alteration, is recorded 
m Fig 6 (upper curve) 

In accordance vnth the theory of protoplasmic layers’ illustrated 
in Fig 4, the p D ’s plotted in Fig 5 and Fig 6 may be interpreted 
as equivalent to the p d of the ideal system 
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sea water 
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where the outer surface layer of the protoplasm is assumed to bar e the 
properties of a non aqueous hquid immiscible with water According 
to various theories which have been proposed for calculating such 
pd’s, the obsened xalue may be made up of (1) phase boundary 
potentials at a and o' and (2) a diffusion potential in the non aqueous 
lai er at c Since the calculation of such mured potentials is a formida 
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Osterliout" liavc recently found lliat Yaloma cells survived exposure 
for 20 days to modified sea uater containing one half the usual 
amount of KCl 

WHiilc these data with KCl-nch sea water shoved that the initial 
change m pd vanes in a regular manner vith the concentration of 
KCl, they seemed hardly adequate for determining the exact relation 
betveen pd and concentration Since these thirty-four accepted 
values represented measurements on nineteen different cells, an axer- 
age of less than two measurements per cell, possible variations among 
the individual cells might veil prove ver}'’ misleading Furthermore, 
the rejection of a number of unsatisfactory observations introduced 
an undesirable subjective factor Accordingly, it seemed worth while 
to cariy out a new senes of measurements for the express purpose of 
determining the value of the initial change in p d when sea water is 
replaced by KCl-nch sea water 

In the earlier experiments, the cells had been exposed to modified 
sea water for an hour or more in each measurement, tlie solutions had 
been adjusted to the same pH as natural sea w^ater In tlie new senes, 
the pH of the KCl-nch sea w'aters w'as lowered to 6 in order to broaden 
the first peak of the p d -time curx^es, and thus increase the probabilitj’’ 
of observmg the full value of the p d change To reduce to a mini- 
mum any possible alteration in the cell produced by exposure to 
KCl-nch solutions, the cells were left in contact with these solutions 
only just long enough to determine the full value of the p d change, 
as soon as the p d had started to fall from its first peak (generally 
withm about 3 minutes) the cells were replaced in natural sea water 
and allowed to stand overnight or longer before the next measurement 
No evidence of marine bacteria m quantities which could be detected 
by macroscopic observation was noted during these experiments 
The data obtained in this senes, fifty-one measurements on ten cells, 
are shown plotted as open circles in Fig 5 In a number of cases, 
where the cell was measured more than once with a given solution, 
the highest observed value of the p D is reported The agreement of 
this series with the earlier data confirms the assumption that the values 
of the first maxima are not altered by moderate changes in the pH of 
KCl-nch sea water 

^‘Jacques, A G , and Osterhout, W J V , J Gen Physiol , 1931-32, 16, 537 
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The new data are free from some of the defects of the earlier senes 
Due to the larger number of measurements with each cell, v anations 
among the individual cells affect all parts of the P D concentration 
cune more or less equally Since doubtful measurements could be 
repeated, it proved unnecessary to reject any measurement except m 
favor of a sunilar measurement with the same cell The personal 
factor was thus greatly decreased, although not wholly eliminated 
Another uncertamty still remained it became apparent that the 
behavior of some of the cells was changing considerably during the 
senes of measurements It was difficult to estimate how nearly such 
changes in different cells would compensate one another 

It was concluded that the most reliable data for determining the 
relation between p D and concentration of KCl would consist m a 
series of measurements m duplicate on a single cell, in which the 
agreement between the first and second values observed with each 
solution would indicate to what ejitent the cell had changed during the 
experiment Several series of measurements in duplicate were earned 
out in accordance with this plan The most successful of these, m 
which the cell evidently suffered no significant alteration, is recorded 
in Fig 6 (upper curve) 

In accordance with the theory of protoplasmic lajcrs’ illustrated 
in Fig 4, the p D ’s plotted in Tig 5 and Fig 6 may be interpreted 
as equivalent to the p D of the ideal system 
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V here the outer surface layer of the protoplasm is assumed to ha\ c the 
properties of a non aqueous hqmd immisable with water According 
to vanous theones which have been proposed for calculating such 
pd’s, the observed value maj be made up of (1) phase boundvry 
jiotentials at a and o' and (2) a diffusion potential in the non aqueous 
laj er at c Since the calculation of sucli mixed potentials is a formida- 
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blc task, the assumption is often made that the relative mobilities of 
ions m the non-aqueous layer are not greatly different from their values 
m aqueous solutions, and hence that the diffusion potential at c will 



Fig 6 Curves showmg the relation between the concentrations of KCl in 
modified sea water (plotted as absassae) and the pd across the protoplasm 
in Valoma 

The ordinates of the upper curve (scale at left) represent differences between 
the p D m natural sea water and the first ma-amum m the p d -time curve when 
natural sea water was replaced by KCI-rich sea water The data represented by 
open circles were obtained m a series of measurements in duplicate using the 
same Valoma cell, the numbers adjacent to these arcles indicating the order in 
which the measurements were made Measurements were at room temperature, 
which varied between 23 5° and 26 5°, average, 2S°C The Valoma cell was col- 
lected May 25, 1931, measiured June 16 to Jub' 3, 1931 

The ordmates of the lower curve (scale at the right) represent the antilogarithms 

R T 

of the quotients of these p d changes divided by p (which at 25°C has the 

value 59 1 mv ) The values plotted as shaded circles were calculated from the 
averages of the two p d ’s plotted as open circles directly above The upper curve 
was obtamed from the straight fine drawn through these shaded circles each or- 
dmate of the upper curve is equal to 59 1 multiplied by the logarithm of the 
correspondmg ordmate of the straight Ime 
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be negbgibly small as compared with the phase boundary potentials 
at a and o' If so, phase boundary potentials calculated by assuming 
suitable values for the hypothetical ionic partition coefficients should 
agree with the observed P d ' s But since these ionic partition coeffi 
cients and the mobihties in the non aqueous layer are alike unknou n, 
It IS just as reasonable to assume that the partition coefficients of the 
\arious ions are approximately equal, in which case the phase 
boundary potentials at a and o' wiU be ncgUgibly small The observ ed 
? D would then represent only the diffusion potential at c It is 
interesting to compare the obsen ed p n ’s with the \ alues calculated 
in accordance ivith each of these mutually contradictory assumptions 
The formula for calculating phase boundary potentials with mixed 
electrolytes has been derived by Michaehs and Fujita'* and by Horo 
vitz ” According to their equation, the p n at cither phase boundarj , 
o or a', IS given by the expression 


(1) 


rj) 


^ fir 

2F A^Ca 


where Cx, C^„ and Ca represent the concentrations'* of these ions in 
the natural or modified sea water, and and Aci the "true” 

ionic partition coefficients The Ca, Mg, and SOi ions are omitted 
because it has been shown that p d ’ s observed with diluted sea water 
are not affected by considerable changes in the concentrations of these 
ions ' It may therefore be assumed that the partition coefficients 
of these ions are small (an assumption which is in agreement w ith the 
low concentrations of these ions found m the vacuolar sap) and hence 
that the products, A C, for these ions may be neglected in comparison 
with the corresponding products for K, Na, and Cl Other ions arc 
not considered because their concentrations in sea w atcr are verj small 
It has been shown, for axamplc, that the p n is independent of rather 
large changes in pH The p d between natural sea w ater and KCl 

' Michaelis L and Fujita A Z phys Cliem 1924, 110, 266 

" Horovitz K,, Z phys Chem , 1925 116, 424 

** For the sake of smipUatj, concentrations ha\e been used instead of actiiitics 
m this discussion Since the natural and modified artificial ^ waters used in 
these measurements were all solutions of the same ionic strength and since the 
activiti coefficients for KCl and haClat this lomc strength are notven different 
errors introduced b> omittmg the activit> coefiiacnts should be small and 
approximatelj the same m all cases 
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rich sea water, the algebraic sum of the pd ’ s at a and a', will then be 
given by the following expression 


( 2 ) 


P D 




where primes indicate concentrations in the KCl-rich sea v ater Since 
the concentration of Cl is the same on both sides, the equation 
becomes 


(3) 


2F 


It can be shown, however, that this equation is inadequate to account 
for the p D changes observed with Valoma For example, we may 
consider the pd between natural sea water and KCl-sea vater (in 
which all the NaCl is replaced by KCl) for which tlie obserxTd xalues 
plotted in Fig 5 range between 51 4 and 69 9 mv If i\ e insert numeri- 
cal values m Equation 3 


59 1 0 500 

PD (mmv) - — ■■'S obiz 4+ 0488 ^^. 


and then divide the numerator and denominator of the fraction by 
0 500 we get 

p D = 29 6 log — — 

0 024 + 0 976 

Ak 


We may now calculate the p d according to this equation by assuming 
different values for If we try first the assumption that 
may be 100 tunes as great as -4Na, the calculated p d is found to be 
43 5 mv , which, although of the right order of magnitude, is obviously 
too low Materially better agreement with the observed values 
cannot be obtained, however, by assuming a larger value for 
since if As. is allowed to mcrease without limit we find that the p d 
approaches the Imutmg value of only 47 mv It is obvious that no 
positive value which can be assigned to A^ will account for the 
observed potentials 
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We may now test whether the PJ) with KCl nch sea water can be 
calculated more satisfactorily as a diffusion potential (at c) bj assum 
mg a reasonable value for the mobility of A + in the non aqueous laj er 
This calculation is greatly simplified by the assumption that the lomc 
partition coefficients, and “rc equal, and hence that the 
actual partition coeffiaents of KCl and NaCl are equal It follows 
from this assumption that the sum of the phase boundary potentials 
at a and o' is equal to zero 

In this calculation only K+, Na+, and Cl~ are considered, other 
ions are neglected for the same reasons as in the above calculation of 
phase boundary potentials Either Planck’s or Henderson’s formula 
for the liquid junction potential may be taken as a starting pomt, 
smce both reduce to the same expression for the case of two electro 
lytes with common amon at the same concentration 

(4) re „gr r^.,n..+ 4«,:+rcfa 

I’ W'N. + ‘’X’'E+ WCI 

where iti, «„, and va represent the mobihties of these ions in the 
non aqueous layer, c„„ c^, and cci the concentrations of these ions in 
the non aqueous layer in equilibrium with natural sea water, and 
ci, and Cc\ their concentrations in the non aqueous lajerm equi 
Iibnum with KCl rich sea water (The concentration of Cl is the same 
on both sides ) In accordance with our assumption that the parti 
tion coefficients of K'*' and Na+ are equal - -dm = A) we may 
express the concentrations m the non aqueous layer in terms of the 
concentrations in the sea waters 

“ d “Wi “ d Cj,, “ d Ck ” d Cf 

‘a - d (Cn. + = d (tr„. + C-J 

Substitutmg in Equation 4 

_ RT + d(C^. + C^) Tgi 

F dC^.u^, + dC,.i<^ + A(C^^ + C^) rci 

ET Cs."s. + + (gh, + 

F + (Cs. + <^r0 ••ci 


( 5 ) 
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rich sea water, the algebraic sum of the p d ’ s at o and a', will then be 
given by the following expression 


2F 2/ + ^Xn' 


where primes mdicate concentrations in the KCl-rich sea v ater Since 
the concentration of Cl is the same on both sides, the equation 
becomes 


(3) 


2F ^ 


It can be shown, however, that this equation is inadequate to account 
for the P D changes observed with Valojiia For example, ve may 
consider the p d between natural sea water and KCI-sea water (m 
which all the NaCl is replaced by KCl) for which the observed values 
plotted in Fig 5 range between 514 and 69 9 mv If we insert numeri- 
cal values in Equation 3 


p D (in mv ) 



0 500 A^ 

0 012 + 0 488 


and then divide the numerator and denominator of the fraction by 
0 500 we get 

p D = 29 6 log ^ — 

0 024 + 0 976 -7^ 


We may now calculate the p d according to this equation by assuming 
different values for A^. If we try first the assumption that .4^ 
may be 100 tunes as great as ^Na, the calculated p d is found to be 
43 5 mv , which, although of the right order of magnitude, is obviously 
too low Materially better agreement with the observed values 
cannot be obtained, however, by assuming a larger value for 
since if IS allowed to increase without lunit we find that the p d 
approaches the limiting value of only 47 mv It is obvious that no 

positive value which can be assigned to wiU account for the 

observed potentials 
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calculated satisfactorily by substituting in Equation 6 suitable values 
for the relative mobilities of K+, Na+j and Cl" in the non aqueous 
layer From measurements of the concentration effect mth natural 
sea water’ the mobility of Cl" in Valonta protoplasm has been found 
to be five times as great as that of Na+ While the absolute values 
of these mobihties are of course unknown, in these calculations w e ma> 
equally well use relative mobilities referred to the mobihty of Cl" 
taken as unity, i e , Vd = 1 00, = 0 20 We may calculate the 

relative mobility of K+ by msertmg these values in Equation 6 or 7 
For the case of the cell used m the measurements reported in Fig 6, 
the relative mobihty of K+ is found to be 20 From the spread of tlie 
p D values plotted in Fig 5, it is apparent that there is a considerable 
variation in the value of among different cells Evidently the v alue 
of may also vary considerably in the same individual under different 
conditions ” Since the curve drawn through the groups of points in 
Fig 5 IS identical with the curve drawn in Fig 6, it is cv idcnt that the 
value, = 20, is in good agreement with the average bchavaor of all 
the cells mcluded in this report 

^Vhlle It has been shown that the observed values of p d with KCl 
nch sea water are accurately reproduced by Equation 6, it does not 

” The relative mobility ol Na’*' may also vary hut the good agreement usually 
found among measurements of concentration effect uith natural sea water sug 
gests that Hni is subject to less variation than m cells of similar history 
Valonta cells which have been kept at the laboratory for a long Ume cspcaally 
cells which have received relatively little illumination, show certain differences 
from recently collected cells Observations made at different times using old 
cells with different histones (for which reason the data may not be strictly com 
parable) indicate that with such old cells (I) the p d with KCl nch solutions 
IS lower and hence the value of is smaller (2) the concentration effect with 
natural sea water is smaller, and hence the value of is larger (3) the ratio of 
K + Na m the sap is lower than m recently collected cells It is hoped that this 
apparent correlation between the comjKisition of the sap and the relative mobili 
ties of K."! and Na'*’ can be mvestigatcd more carefully 

Dr L R Blinks has suggested (pmatc eommumcalion) that the apparent 
variation in Ht from cell to cell may actuallv represent the vanation of some other 
factor such as the thickness of cell wall or of protoplasm which would affect the 
speed with which concentration changes reach II and hence the height of the 
maximum m the PJ) time curve The highest calculated value of Wc should 
accordingly be regarded as a minimum value for the relative mobihtv of K* 
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necessarily follow that the assumptions used in derning this equation 
are correct Am equation of the same general form, r c 

jj'p 

P D = -p In (J5 + D) 

Will of course fit the data equally well It is possible that an equation 
of this t}q)e might be derived on the basis of entirely different assump- 
tions, in which case the constants of the equation would be interpreted 
differently Since, however, the equation has actually been derived 
on the assumption that the observ^ed p d represents a diffusion poten- 
tial, it is convement to refer to the constants, i/j;? and %, as appar- 
ent relative mobihties It is hoped that these v^alues, and the apparent 
relativ'^e mobilities of other ions obtained in the same w^ay, may prov'e 
useful m mterpreting bioelectric measurements with Valoma 

SCMiLVRY 

The PD across the protoplasm of Valoma macro physa has been 
studied while the cells were exposed to artifiaal solutions resembhng 
sea water m which the concentration of KCl was v^aned from 0 to 
0 500 mol per hter The p n across the protoplasm is decreased by 
lowenng and increased by raising the concentration of KCl m the 
external solution Changes in p D with time w hen the cell is treated 
with KCl-nch sea water resemble those observed with cells exposed to 
Valoma sap 

Varymg the reaction of natural sea water from pH 5 to pH 10 has 
no appreaable effect on the p D across Valoma protoplasm Sim- 
ilarly, varymg the pH of KCl-nch sea water within these limits does 
not alter the height of the first maximum m the p D -tune curve The 
subsequent behavnor of the p D , however, is considerably affected by 
the pH of the KCl-nch sea water These changes m the shape of the 
p D -tune curv'-e havn been mterpreted as mdicating that potassium 
enters Valoma protoplasm more rapidly from alkalme than from aa- 
dified KCl-nch sea water This conclusion is discussed m relation 
to certam theones which have been proposed to explam the accumu- 
lation of KCl m Valoma sap 

The imtial rise m p n when a Valoma cell is transferred from natural 
sea water to KCl-nch sea water has been correlated with the concen- 
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trations of KCl in the sea waters It is assumed that the observed 
PD change represents a diffusion potential m the external surface 
layer of the protoplasm, where the relative mobilities of ions may be 
supposed to differ greatly from their values in water Startmg with 
either Planck’s or Henderson’s formula, an equation has been denved 
which expresses satisfactorily the observed relationship between p D 
change and concentration of KCl The constants of this equation 
are interpreted as the relative mobihties of K+, Na+, and Cl~ m the 
outer surface layer of the protoplasm The apparent relative mobihty 
of K+ has been calculated by insertmg in this equation the values for 
the relative mobilities of Na+ (0 20) and Cl“ (1 00) determmcd from 
earher measurements of concentration effect with natural sea water 
The average v alue for the relative mobihty of K+ is found to be about 
20 The relative mobihty may vary considerably among different 
individual cells, and sometimes also m the same individual under 
different conditions 

Calculation of the observed pj) changes as phase boundary poten- 
tials proved unsatisfactory 




THE ACTION OF X RAYS ON EUPLOTES TAYLOia AND 
ASSOCIATED BACTERIA* 
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{From the Laboratory for Cfiemopkysical Btology, Stanford Unwersity, Stanford 
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(Accepted for publication, September 20 1932) 

In the first two papers of this senes (1, 2) the results of preUmmary 
investigations on the r61e of bactena in the nutntion of protozoa were 


CORRECTION 

In Vol 15, No 4, March 20, 1932, page 419, Protocol I the unit of measure 
gi\'en in italics at the top of Column 7 should read mm instead of e mm The 
unit of measure given m italics at the top of Column 8 should read c mm in 
stead of mm 


distance (3 cm ), silver anode thm alummum window (0 003 mches) and moder 
ately high power (30 ma at 50 kv ) The mtcnsity as measured by an lonua 
tion chamber was mamtamed at 2U0 Roentgen units per second m the open 
ments of Part I and at 2530 Roentgen units per second m the later studies, 

PART I 

The Action of X rays on Euplotes layJon 
Throughout the investigation we employed thnving cultures of 
Euplotes taylon which had been mamtamed for many generations m 

• Contribution No 3 of ' Studies on Protozoa,* supported bj a grant from the 
Committee on Effect of Radiation on Livmg Organisms National Research 
Council 
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1 1 artificial sea water on a mixture of two strains of bactena {Pseudo- 
monas jiuorcscens ?.nd Bacillus coh A'js)* in approximately equal pro- 
portions 48 hours after the last feeding the protozoan culture was 
divided into tw’o portions, the first for irradiation of the organisms m 
the motile state and the second for the preparation and irradiation of 
the encysted forms For this purpose the organisms w^ere caused to 
encyst by gradual evaporation of the medium from a partly open 
watch-glass at room temperature Encystment w'as complete w’lthm 
15 hours Fifteen to forty-five of the organisms or cysts suspended 
in approximately 0 01 cc of medium- w'ere transferred to a stenle, 
shallow, spherically ground slide This wms provided w ith a moist 
chamber consisting of a circular trough ground into the concave de- 
pression near the edge, into which w^ater could be placed The whole 
was sealed with a sterile cover-slip of mica® held in position wath vase- 
Ime The slide was then mserted in the holder and irradiated for a 
stated time as indicated in Table I The organisms w^ere observed 
unmediately after irradiation, 15 minutes later, and finally after 5 
hours In the case of the motile forms, special attention was given to 
any abnormahties in the movements of the organism (cessation of mo- 
tion, spiral movements, marked changes in rate of movement), vacuola- 
tion, and dismtegration In many of the experiments the organisms 
were inactive and seemmgly dead 15 minutes after irradiation but were 
found actively swimmmg at the end of 5 hours or later In the case of 
the cysts attention was given to vacuolation and the rate of encyst- 
ment As a rule those cysts wuth many vacuoles were found to be 
dead klarked vacuolation and failure to excyst in 1 1 artificial 
sea water were accepted as evidence of death 

^ For a description of the organisms and culture medium, cf the first paper of 
this series (1) Orgamsm A, mentioned therem, has smee been identified as 
Pseudomonas fliwresceus 

~ The motile organisms were suspended in 1 1 artificial sea water, and the cj^sts 
in 1 1 artificial sea water which by evaporation had been reduced to 1/20 of its 
initial volume 

® It was necessary to measure accurately the thickness of all mica cover-shps 
and to employ correction factors for vanations therem Mr Hugo of the Stan- 
ford Gauge Laboratory, was good enough to make the measurements In pre- 
hmmary experiments where the shps were only approximately similar, appreaable 
differences m absorption were observed 
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On completion of the S hour microscopic exammation, ten to tv, enty 
of the orgamsms,* either as cysts or m the motile state, were trans 
ferred to 1 1 artifiaal sea water and fed with the appropriate bacteria 
On the 2nd day the numbers of actively motile and apparently 
normal organisms were counted, the values so obtamed serving as an 
index of viability These results together with intermediate counts 
made upon the motile forms are entered m Table I 
FmaUy, sterility tests upon the irradiated organisms v, ere also run 
For this purpose the entire contents of the slide, after removal of ten 
to twenty organisms for the viability test, were transferred to nutnent 
agar We were mterested to observe that brief periods of irradiation, 
even of 10 to 30 seconds, were sufficient to sterilize the protozoa It 
IS this observation which has permitted us to prepare bacteria free 
Euphtes with comparative ease Although the cihate suffers no im 
mediately recognizable injury when irradiated for brief periods, there 
IS evidence which will be presented later in the paper, that irradiation 
for 60 seconds matenally reduces its longevity and power of continued 
reproduction 

It should be pointed out that all experunents were ngidly controlled 
by the use of parallel cultures of motile forms and cysts which were 
transferred to depression slides, subjected to microscopic examinations, 
and ultimately run through the viability and stenlitj tests They 
differed from the experimental ones only m not being irradiated In 
the sterility tests run upon these controls, numerous colonies appeared 
in the nutrient agar wathin a day or two 
The results of the experiments arc presented in Table I 
Examination of the table indicates that 190 seconds of irradiation 
were sufficient to kill the encysted organisms The motile forms re 
quired exposure for 220 seconds Due to the different conditions of 
irradiation (cf footnote 2) we are not disposed to conclude that these 
values are indicative of any fundamental difference m the resistance 
of encysted and exeysted forms to death by x rays To m\ cstigate 
this possibility it will be necessary, presumablj, to suspend the or 
ganisms in identical media and to maintain the bactcnal content 

^ It should be menUoned that some of these organisms at the time of transfer 
were inacUv e and in some cases scemmgU dead due to the cunous effect of x raja 
m bringing about a temporarj suspension of ciliarj movement 
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TABLE I 


The Aclton of X-Rays on Euplolcs taylon 


Time of 
irradiation 

State 

No of 
cipcri- 
ments 

Total No 
of 

organisms 

irradiated 

No of organisms active* after 
irradiation 

Hours after exposure 

Sterility 
of irradiated 
Euplotes No 
of pour plate 
colonies 

0 

i 

5 


stc 









0 

Cysts 

5 





272 


0 

Motile 

8 





377 


10-30 

Motile 

6 


199 

199 

197 

375 

0 

30-45 

Motile 

7 

218 

218 

218 

220 

373 

0 

60 

Motile 

5 

152 

152 

152 

152 

242 

Few 

76-90 

!Motile 

4 

133 

133 

133 

133 1 

233 

0 

91-105 

Cysts 

6 

201 




218 

0 

91-105 

Motile 

7 

I 189 

177 

156 

171 

264 

0 

106-120 

Cysts 

6 

206 




211 

0 

106-120 

Motile 

7 

173 

161 

129 

142 

223 

0 

130 

Cysts 

5 

153 




188 

0 

130 

Motile 

3 

78 

67 

56 

55 

96 

Few 

135-150 

Cysts 

16 

495 




156 

0 

135-150 

Motile 

15 

376 

317 

184 

214 

416 

1 

151-165 

Cysts 

4 

102 




72 

0 

151-165 

Motile 

5 

136 

100 

95 

118 

132 

Few 

166-180 

Cysts 

6 

174 




40 

0 

166-180 

Motile 

7 

169 

128 

7 

54 

145 

5 

190 

Cysts 

2 

55 




0 

r 0 

190 

Motile 

2 

34 

6 

1 

5 

24 

0 

196-210 

Cysts 

4 

118 

1 

1 



0 

0 

196-210 

Motile 

5 

185 

84 

1 

8 

70 

2 

220 

Cysts 

6 

171 




0 

0 

220 

Motile 

S 

127 

0 

0 

0 

0 

0 

230 

Cysts 

1 

31 




0 

0 

230 

Motile 

1 

16 

0 

0 

0 

0 

4 

240 

Cysts 

3 

89 




0 

0 

240 

Motile 

4 1 

116 

0 

0 

0 

0 

0 

260-270 

Cysts 

3 

92 




0 

0 

260-270 

Motile 

3 

91 

0 

! 0 

0 

0 

0 


* Ciliary activity and swimming 

t 43 hours earher, a known number of the orgamsms/ approximately one-half, 
had been placed mil artificial sea water and fed with the appropriate bacteria 
The values m this column are calculated for the entire number actually irradiated 
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approximately constant Other experiments which we have m prog 
ress mdicate that the presence of much bacterial substance decreases 
the toxicity of x rays towards protozoa 
Acceptmg the higher value of 220 seconds as the lethal exposure time 
for Euplolcs, calculabons may be made of the energy required to kill 
a smgle organism If it be assumed that the absorption coeffiaent 
of cytoplasm is the same as that of water the amount of radiation 
absorbed m 220 seconds by 1 cc of irradiated substance would be 220 
X 2110 Roentgen units This equals 4 6 X 10' ergs (220 X 2110 X 
Six 10” X 1 S91 X 10“' ) From the values pubhshed by Gam 
jobst (3) for the Imear dimensions of Euplotes taylon its volume may 
be calculated as approximately 2 1 x 10-’ cc The energy required to 
kill a smgle protozoon by the use of x rays is therefore 9 7 ergs This 
calculation assumes that radiation absorbed by the surrounding 
medium is not productive of toxic or protective substances, and that 
the absorption coefficient of cytoplasm equals that of water The 
former assumption is of doubtful vahdit> 

It is also clear from the table that all bacteria assoaated mth 
Euplolcs were kiUed with but a few seconds of exposure This marked 
difference in the resistance of the protozoa and bacteria to death by 
X rays suggested that sraular differences might exist between the two 
species of bacteria This possibility led us to the experiments re 
ported m Part 11 


PART n 

The Action of X Rays on Pseudomonas jiuorcsccns and Bacillus 
colt, Aij 

The purpose of this inquiry was to determine the lethal dose of x 
rays for the two strains of bacteria used as nutnents in the cultivation 
of Euplotes taylon Approximately 0 01 cc of a suspension of the 
appropriate organism, washed from an agar slant, was transferred to 
a depression slide, covered with mica, and irradiated for some stated 
time 1 1 artificial sea water was used as the suspension medium 
After irradiation the contents were transferred quanlitativel> to 
nutrient broth and tested for sterility The results are presented m 
Table II From these it may be concluded that approximitely IS 
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seconds of exposure (3 8 X lO”* Roentgen units) are sufficient to kill 
Psciido7nonas Jljwrcscc7is Bacilbis coh, /Cw, requires approximately 45 
seconds (9 4 X 10^ Roentgen units) If we consider 0 4/i X 1 4/z 
and 0 5^ X 1 5ju to be the linear dimensions of Psc7ido77io7ias fltiores- 
ce7is and Bacillus coh respectively, and 3 7 X 10® ergs to be the energy 
per cc of the absorbed radiation it follows that 5 9 X 10"^ and 29 X 
lO"'' ergs represent the lethal energy per organism for Pscudo77to7ias 
jhwrcscc7is and Bacillus coh, respectively These values may be 


TABLE n 


Lethal Dose of X-Rays for Pseudomonas flriorcsccns afid Bacillus coh, Ku 


Time groups 

Pseudomonas Jluarescens 

I 

1 Boctllus coltf Ku 

, No of slides 

1 

Viable 

sterile 

No of slides 

Viable 

Stenie 

see 

2 5-75 


4 

0 

1 

4 

4 

0 

7 5-12 5 


7 

3 

4 

4 

0 

12 5-17 5 


0 

14 

5 

5 

0 

17 5-22 5 


0 

4 

5 

5 

0 

22 5-27 5 


0 

2 

1 

1 

0 

27 5-32 5 


0 

4 

5 

5 

0 

32 5-37 5 

0 

0 ! 

0 

10 

6 

4 

37 5-42 5 

3 

0 

3 

7 

3 

4 

42 5-47 5 

0 

0 

0 

1 

0 

1 

47 5-52 5 

1 


1 

5 

0 

5 

52 5-57 5 

0 

0 

0 

0 

0 

0 

57 5-62 5 

2 

0 

2 

3 

0 

3 

over 62 5 

1 

0 

1 

1 

0 

1 


compared with that of 2 X 10"^ ergs reported by Coblenz and Fulton 
(4) as the minimum energy required to kill a bacterium of B coh with 
ultraviolet light (1700-2700 A u) A value somewhat less than 2 
X 10~® ergs may be deduced for staphylococci (5) With electrons, 
Wells (6) reports the relatively high value of 0 65 ergs as the energy 
required to kill a single staphylococcus In these cases, however, the 
amounts of absorbed radiation remained undetermined The signifi- 
cance of the calculations is therefore not clear 
Our observation that Euplotes taylori is killed less readily than bac- 
teria agrees with the early work of Her tel (7) who studied the lethal 
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action of ultraviolet light on bactena, protozoa, coelentcrates, annc 
lids, molluscs, amphibia, and plant cells 

Here it should be mentioned that investigations on Colpidium 
campylum earned out by others in this laboratory, suggested that it 
would be highly desirable to determine whether death by x ra> s might 
not be largely due to the production of toxic products in the medium 
With this possibility in mmd we irradiated tu elve slides of nutnent 
broth and twelve of yeast autolysate for 0 to 35 minutes (2 5 X 
10’ Roentgen units per second) After irradiation, six of each re- 
ceived approximately 0 001 cc of a suspension of Pseudomonas 
Jluorescens and the remainder, 0 001 cc of a suspension of Bacillus coU 
Pour plates were made and examined 48 hours later Grow th w as 
equally luxunant irrespective of whether the plates were prepared 
from orgamsms in irradiated or unirradiated media There was no 
evidence that irradiation of the medium produced substances of appre 
ciable toxiaty to these bactena 

Eight similar experiments on the effect of irradiated media (1 1 
artiliaal sea water and Fi -f KuY on Euplotes taylon also gave nega- 
tive results Although the medium was irradiated for upwards of 
30 minutes it failed to be appreciably toxic towards the aliatc The 
action of vanous sensitizers and protective substances on the lethal 
dose of X rays for the protozoa and its assoaated bactena remains for 
investigation It is apparent from theoretical pnnaples and from 
observations made with x rays and other sources of radiation (8, 
9, 10, 11) that certam changes m the composition of the medium 
influence matenally the lethal dose of radiation Nei ertheless, 
with Euplotes laylort and the bactena studied here an ordinary 
medium when irradiated by itself does not become lethal to the 
organisms 


PAKT ni 

An Attempt to Cultivate Euplotes taylori onBacteria Killed byX Rays 
In our earlier work (1) we have shown that Euplotes taylori which 
ivill thnve on a mixture of two vaneties of living bactena, cannot be 


’ Fi - Pseudomouas Jluorescens 
Kis - Bacillus coll strain Ku 
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maintained upon these same organisms previously killed by heat, tolu- 
ene, autolysis, phage lysis, or upon sterile dialysates of these bactena 
Since the physical state and chemical composition of bactena are likely 
to be the factors which determine their nutntive value for protozoa, 
it is apparent that the manner of killing is likely to have substantially 
different effects upon the nutritive value of the bactena, inasmuch as 
the end results upon the physical state, enzyme distribution, and 
chemical composition will be widely different Recognizing, therefore, 
that bacteria killed by x-rays would be substantially different from 
bacteria killed by toluene, heat, lysis, or other means, we were tempted 
to mvestigate the possibility of maintaming Enplolcs upon irradiated 
bacteria 

In the experiments reported upon m Table III the organisms of 
Groups 1, 4, and 5 were fed at 3 day mtervals upon the same product — 
equal proportions of Fx and Kx 3 , suspended m artificial sea water, and 
subjected to 67 seconds irradiation® (2 5 X 10® Roentgen units per 
second) In Group 4 the irradiated bacteria were also washed twice 
by centnfugmg, the object being to remove water-soluble toxic prod- 
ucts produced durmg irradiation The protozoa used m these tests 
were sterilized prior to cultivation m two ways, — ^by washmg (Groups 
1 and 4) and by irradiation for 58 seconds (Group 5) 

Fmally three sets of controls were devised irradiated protozoa 
fed upon normal unirradiated Fx and Kxz (Group 7), washed protozoa 
similarly fed (Group 2), and normal untreated EupJotes fed upon 
normal Fx and Kx^ (Group 3) It should be mentioned that the 
Enploies used m this last control were drawn from a stock laboratory 
culture which had been mamtained for many months m pure Ime on 
Fx and Kxz 

The irradiated bacteria and the sterihzed protozoa were tested 
routmely for sterility by the use of heavy moculations mto nutrient 
broth AH preparations which failed to be stenle were discarded 
The table reports only upon cultures which gave satisfactory sterility 
tests 

In earlier experiments employmg very low doses of x-rays (a few 
seconds exposure) we were mterested to notice that the broth media 

® Note that 15 seconds are sufficient to kill Fx {Pseudomonas fluorescens) and 
45 seconds to kill Kxz 
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used for sterility tests reveiiled the phenomenon of delayed growth 
In a few cases the tubes remamed dear for so long as 9 or 10 days (room 
temperature) and showed such famt doudmess that we could not be 
certam for perhaps 48 hours longer whether there was growth In 
control experiments on normal umrradiated protozoa the broth used 
in the stenhty tests showed heavy doudmg withm 24 hours This 
phenomenon may be comparable to that displayed by irradiated 
abates {cf Table I) m which sublethal doses of x ra3rs brought about a 
marked but temporary cessation of activity 

TABLE m 


Irrodtated Baclerta as Food for Euplotes 


Groop 

Ko of 
nltores 
tned 

ToUl No 
of protozoa 
tued 

Iiittlal *Ute 
of protozoa 

Initial state 
of bacteria 
(fi + r,,) 

life of culture 
(atremes of eabre croup) 

1 

1 

16 

tax 6 

Washed 

Irradiated 

iay 

11-23 

2 

IS 

15 X 6 

Washed 

Norma] 

7 died out within 4 weds 

3 

22 

IS X 6 

Normal 

Normal 

Kemainder in normal 
condition 

2 cultures died out within 

4 

16 

7 X 10 

16 X 6 

Washed 

1 

1 

Irradiated 

4 weehs. Remainder 
continued normal 

13-23 

5 

30 1 

30 X 10 

Irradiated 

and 

washed 

Irradiated 

12-23 

6 


7 X 10 

Irradiated 

Normal 

12-25 


Two condusions follow from the data of Table III (a) Euplotes 
iaylon may not be mamtamed upon bacteria killed by irradiation 
(Groups 1 and 5) (6) Even sublethal doses of x rays cause an m 

sidious damage to the protozoan, as mdicated by an ultimate failure 
in reproduction (Group 7) This mjuiy is not immediately manifest 

SUMUART 

1 The mmimum lethal dose of x rays for Euplotes taylori was de 
termined Under the conditions of this miestigation a 220 second 
exposure (2110 Roentgen units per second) was required to kiU the 
piotozoon Much less exposure was sufliaent to kill the assoaated 
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bacteria This diflerence m resistance permits the sterilization of pro- 
tozoa with comparative ease 

2 Irradiation of Euplolcs for 100 to 220 seconds caused a complete 
but temporary cessation of ciliary activity in many of the organisms, 
the percentage so affected increasing with the length of irradiation 

3 Pure cultures of Pseudomonas jluorcsccns and Bacillus coh, Kis, 
separately irradiated, were found to be killed much more readily than 
protozoa, — the former in 15 seconds exposure (2530 Roentgen units 
per second) and the latter in 45 seconds 

4 The death of these organisms by irradiation was not due to the 
action of toxic products in the medium since separately irradiated 
media were not found to be toxic 

5 Irradiated bacteria were found unsatisfactory for the nutrition of 
Euplotes, previously sterilized either by irradiation or washing 
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Note Added to Proof — Schepman and Flecke {Klin Woch, 1926, 5, 1608) 
irradiated agar-plate cultures of five strains of bacteria with soft \-rays 
Although the mtensity of the radiation was low (36 1 Roentgen units per second) 
the lethal dose was of the same order of magnitude as we have reported here 
They obtained values rangmg between 6500 and 100,000 Roentgen umts, which 
compare favorably with the values of 38,000 and 114,000 observed by us 



THE VISUAL INTENSITY DISCRtMINATION OE THE 
HONEY BEE 
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I 

The discnmmation of luminous intensities has been studied in man in 
a great many cases (Adams and Cobb, 1922, Aubert, 1865, Blanchard, 
1918, Fechner, 1860, Hecht, 1923-24, 1924-25, Koenig, 1895, Koenig 
and Brodhun, 1889, LasareflF, 1911, 1914, Weber, 1835, Stcmheil, 
1837) To provide comparable results it has become customary 
to determme intensity discnmmation m such a way that, if I is the 
intensity to which the eye is adapted, and Al is the increase of a second 
mtensity which is supposed to be compared with / and just so much 

bnghter that it can be distmguished from I, then the ratio ^ con 

sidercd a measure of the discnminatmg power of the eye 
The larger number of studies on mtensity discnmmation by the 
human eye was largely due to the fact that one wanted to test the 
validity of the so called Weber Fechner law for the eye According 

to this rule, ^ was supposed to be a constant for any illumination, 

or at least o\ er a wide range of intensities This turned out not to 
be true at all, however, mtensity discrimination vanes with illumma 
tion m a very speafic maimer 

For vertebrates other than man, and for invertebrates, almost no 
data arc available, at least, no accurate determinations at diflercnt 
mtcnsities have been made which could be compared easily witli 
information on the differential sensitivity of the human eje In the 
present expenments mtensity discrimination was studied m the com 
pound eye of an arthropod, namely that of the honey bee, which is 
built and is functionally on a pnnaplc entirely different from that of 
the vertebrate eje 
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Bertliolf (1931, a) has already made a few tests with bees which 
showed that “the difference between two intensities has to be about 
30 per cent if they are to distinguish, whereas the human eye is able to 
distinguish two intensities when tlie one intensity is reduced to only 90 
per cent of that of the other Human beings are, therefore, consider- 
ably more acute than bees in their ability to distinguish differences in 
brightness ” As there is no possibility of verbal communication 
between the animal and the experimenter, for such experiments with 
non-human forms, a conditioned reflex method (Pavlov) or training 
method (von Frisch) would be generally applied to approach the esti- 
mation of intensity discrimination m the bee Bertholf m his experi- 
ments made use of the phototropic response of the bee m such a way 
that he counted how many times in a certain number of tests a bee 
would orient to the stronger of two lights 
The methods previously mentioned seemed not reliable enough, 
however, for obtaining a clear picture of intensity discrimination by 
the bee, because any conditionmg involves a great many steps uncon- 
trollable by the experimenter which might confuse the results A more 
direct approach is for this reason highly desirable 
In previous experiments on the visual acuity of the bee (Hecht and 
Wolf, 1928-29) such a method was successfully used If the visual 
field of a photosensitive animal is made up of a pattern of altematmg 
dark and illuminated bars of equal size the animal will respond to any 
displacement of this field as long as it can distmguish the components 
of the pattern In case the animal cannot resolve the pattern the 
field will appear uniformly illummated and a displacement will not 
ehcit a response 

For the measurement of mtensity discrimination the same method 
can be applied when mstead of the ongmal black and white pattern 
a pattern is used m which the bars can be changed in brightness 
Thus means can be provided to determme at any brightness of one set 
of stripes the brightness of the other set at which the animal will just 
show the first response to a motion of the system of stripes 

II 

Apparatus and Experimental Procedure 

To obtain a pattern of bars of different bnghtness a tbin opal glass plate was 
used to whicb black paper stnpes 20 mm wide were attached, evenly spaced, so 
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that light shming through the glass produced a pattern of alternating black and 
white stripes A width of 20 mm of the stnpes was chosen so that at the lowest 
illuminations used the visual angle between the edges of one stnpe was abo\e 
threshold angle visual acuity (Hecht and Wolf, 1928-29) When the plate is 
illuminated at the same time from the other side the stnpes can be made to disap 
pear b> changing one or the other bght intensity so that the plate looks imifonn 
m bnghtness 

The actual use of such a test plate for ciqienments on mtensity discnmination 
can be made out with the help of Fig 1 



Fig 1 Diagram of apparatus for mcasunng the \isuil mtensity discrimination 

of bees 


Light source A (1000 watt concentrated filament Mazda lamp) illuminates a 
plate of opal glass in the wall of a dark room m which the ezpcnments are earned 
on In the same way (B) another source of hght (500 watt concentrated filament 
Mazda lamp) illuminates an opal plate on the opposite side of the dark room 
Directly behind both opal plates are accurately controlled and calibrated dia 
phragms the opening of which determines the area of the plates which radiate 
light into the dark room The hght coming from source A is reflected b> a mirror 
and passing through the bees creeping cage from abo\c illuminates the opal 
pbte on top of the striped pattern which makes the whole field look uniformly 
illuminated The light coming from source B is reflected by a mirror underneath 

thebees creeping plane It passes through the opal plate on all spaces m between 

the black bars, so that we obtain, seen from above, a pattern of illuminated bars 
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alternately of different brightness At all places where black bars are put under- 
neath the opal plate we have the same intensity 7, at all other places where Ifght 
from source B is permitted to pass through we have a higher intensity 7 -f A/ 

The opal plate whicli bears the black stnpes on its lower surface fits into a frame 
which slides in a pair of grooves in a larger frame and can easily be moved back and 
forth 

The bee is kept in a glass compartment 10 X 10 cm and 2 cm high, which is 
held about 1 cm above the pattern The bottom of the compartment is the plate 
on which the bee ordinarily crawls It is an ordinary photographic plate with the 
hahde completely removed but the gelatme left so as to give a foothold for the 
crawhng bee 

The creepmg compartment of the bee and the frame with the stnped pattern 
are tilted at an angle of about 30° The bee, being negatively geotropic and 
positively phototropic, tends to crawl upward m a straight hne so that any devia- 
tion from its hnear progression due to the movements of the visual field is easily 
detectable 

The angle at which the bee creeps upward is mostl 3 ’’ 90° According to the 
knowledge of the geotropic orientation of animals the angle of onentation should 
be much less than 90° at an inclination of 30° of the creeping plane (Crozier, 1929) 
In such cases where the purely geotropic onentation of animals is investigated 
all other factors having any onenting effect, except the gravitational pull, are 
excluded In our experiments both gravity and hght act upon the animal and 
the influence of hght in a sense predommates over that of gravity and causes the 
bee to crawl up straight 

The lUummation of the striped visual field of the bee can be vaned in two ways 
Both light sources are mounted on optical rails and can be moved closer or further 
away from the opal plates To cahbrate the apparatus accurately' for source A 
only three fixed positions were chosen Position I, 15 cm from the opal plate m 
the wall of the dark room. Position II, 91 cm , Position III, 182 cm from the opal 
plate For source B the distances from the opal plate were Position I, 40 cm , 
Position II, 150 cm To both diaphragms engraved metal scales were attached 
to one of the two leaves, which could be read to tV of a millimeter For eleven 
different settings of the diaphragms furnishing I and AI the actual bnghtness 
was measured by means of a Leeds and Northrup Macbeth illummometer The 
measured points, plotted as scale reading on the diaphragm agamst the logarithm 
of the resulting bnghtness, fall on smooth curves for each position of the light 
sources These, drawn on a sufliciently large scale, were used as calibration 
curves 

The experiments are carried on as follows Worker bees are caught in front of 
the hive and brought mto the laboratory To clip their wings the}' are hgbtly 
anesthetized They recover after about | hour and are kept in wire cages 
where they have access to honey A speaal feeding device is built into every 
cage w'hich gives them plenty of food without getting them sticky, as this might 
handicap the bees during the tests 
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The response to the moving stnpes is such that among a total of 50 to 60 bees 
used m 1 day only ver> few do not react at the time of the test, so that practicallj 
any bee can be used for observation 

To make a measurement the hghts from both sources are turned on, and the 
diaphragm m front of source A is set for a definite illumination The diaphragm 
m front of source B is wide open, so that the pattern looks almost as if composed 
of black and white stnpes. A bee is put into the compartment Generally the 
animal is verj active, and for the most part it creeps upward on the lower side of 
the compartment, then contmues its journey downward on the cover of the com 
partment and agam begms its joume> in the same manner as before 

In the visual acuity tests earned on some years ago (Hecht and Wolf, 1928-29) 
the bees stayed most of the tune on the bottom plate m these experiments where 
we have at the same time an illumination from above, the tendency to creep dorsum 
down on the under side of the cover of the compartment is very much greater 
There is however always a great probabihty that the bees will creep on the bottom, 
so that tests can be made easily ^Vhile the bee is moving on the bottom and the 
direction of progression is clear, the pattern plate is moved with a sharp but not 
too rapid motion Depending upon whether the bee responds or not, the mtcnsit> 
of the light commg from underneath the pattern plate is lowered or raised to make 
the contrast between the stnpes sharper or weaker, until an illumination is reached 
at which the bee just responds to the movement 
Under these conditions the bee changes its direction of creeping quite preciscl> 

If the pattern is moved m one direction the bee swings over in the opposite direc 
tion — moving against the motion of the stnpes — and continues creepmg m the 
new direction Tor a great many cases, provided that the visual angle of the 
stnpes IS not below threshold angle for a given illumination the response occurs 
even in bees creepmg on the top side of the compartment, dorsum down 

The body of the bee throws a shadow on the creepmg plane with the stronger 
light above which might interfere with the bee s response According to the 
anatomical findmgs on the bees e>e (Baumgartner, 1928) the fovea ’ which is 
probablj mostly concemed with the dissolution of details occupies a lateral por 
tion of the e> e and is directed laterally so that the shadows cast by the bee s bod> 
can hardly interfere with the field of vision of cither e>e. 

The response to the moving pattern is gencraUj not quite as precise howcv cr as 
It was m the tests of visual acuity where wc had to deal with alternating black 
and white bars The results obtained, however, give a clear picture of the intcn 
sity discnmmation of the bee s e>e as a function of illumination 

Dunng the experiments about ten bees were tested at a given in 
tensity provided from source A for which the necessary intensities of 
B were determmed Then the diaphragm m front of A was set for 
another mtcnsity and another ten bees tested and so forth until the 
whole range desired was co\ered Knowing that there arc not manv 
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individual differences among bees of the same colony most of the data 
were obtained in such a way that only one single determination was 
made with each bee used 

For another set of experiments some marked bees were used for 
testmg the whole or at least a greater part of the range of intensities 
Such tests showed that there is only a negligible difference in the 
results obtained by the two methods A smgle individual, however, 
never gives as good a complete curve as a larger group, which is 
probably due to the handling of the animals so many more tunes 

in 


RESULTS 


Usmg the experience collected during the work on the visual acuity 
of the bee the study on intensity discnmmation could be carried on 
wit h i n a short time after the method of testmg bees was developed 
and the apparatus built 

Table I gives the values for intensity discnmmation over a range 
of mtensities from about 1/100 to 100 mdlilamberts This range 
corresponds to the one used for the study of visual acuity Below 
1/100 miUilambert the visual acuity of the bee is so poor that there 
was no need to make a test at lower intensities In the same way, at 
high intensities the upper limit was reached above which any increase 
m bnghtness no longer improves the resolvmg power of the bee’s eye 
Over the desirable mtensity range 270 bees were tested at twenty- 
seven different mtensities withm that range Generally ten bees were 
tested at each mtensity, m some cases a few more, and m one case less 


than ten 


The values of I and of 


M 

I 


given m Table I are 7nea7i values 


for the total number of mdividuals tested at each /, with the probable 
errors of ~ and Al computed accordmg to Peter’s formula 


I 


The values for ^ given m Table I vary m a significant manner with 


lUummation At low mtensities — is greatest, it decreases smoothly 

as the lUummation is increased The probable error of the mean 
A/// changes m a similar way, decreasmg with increasing brightness 
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In Fig 2 the data are presented graphically The pomts plotted 
are the mean values for all individuals tested at the respective 
mtensities 


TABLE I 


Mean Values for Intensity Discrimination at Different Intensities Measured in 
MilUlamherts with Their Probable Errors (n « 10) 


No of 
individuals 
n 

/ 

log/ 

A/ 

A/ 

B 


10 

0 

0417 

2 620 

0 

cm 

5 5454 

=b0 2878 

±0 0122 

10 

0 

0561 

2 751 

0 

1811 

3 2584 

0 1941 

0 0104 

10 

0 

0628 

2 798 

0 

1478 

2 3536 

0 1761 

0 0110 

10 

0 

0759 

2 880 

0 

1614 

2 1671 

0 0801 

0 0062 

12 

0 

1072 

T 030 

0 


1 8790 


0 0078 

10 

0 

1337 

1 126 

0 

2187 

1 6518 


0 0094 

10 

0 

1664 

I 221 

0 

2166 

1 4021 


0 0104 

10 

0 

2138 

T 330 

0 


0 9915 


0 0106 

10 

0 

3020 

T 480 

0 

2587 

0 8568 

0 0345 

0 0104 

10 

0 

4169 

T 620 

0 

3482 

0 8350 

0 0463 

0 0193 

10 

0 

5496 

T 740 

0 

3442 

0 6262 

0 0272 

0 0149 

10 

0 

6951 

1 842 

0 


0 6893 

0 0338 

0 0233 

10 

1 

031 

0 013 

0 

6324 

0 5704 

0 0333 

0 0145 

10 

1 

439 

0 158 

0 

6381 

0 4435 

0 0222 

0 0354 

10 

2 

153 

0 333 

0 

5695 

0 2645 

0 0158 

0 0342 

10 

2 

711 

0 433 

0 

8842 

0 3261 

0 0096 

0 0260 

5 

3 

900 

0 591 

0 

9308 

0 2387 

0 0096 

0 0374 

12 

5 

261 

0 721 

1 

6116 

0 3064 

0 0164 

0 0859 

10 

6 

/92 

0 832 

1 

9706 

0 2902 

0 0065 

0 0571 

10 

9 

572 

0 981 

3 

1607 

0 3302 

0 0200 

0 1634 

10 

13 

87 

1 142 

3 

4357 

0 2482 

0 0168 

0 2318 

10 

19 

96 

1 300 

5 

6661 

0 2838 

0 0151 

0 2903 

10 

27 

42 

1 438 

5 

6387 

0 2056 

0 0054 

0 1471 

10 

34 

68 

1 540 

9 

3068 

0 2684 

0 0094 

0 3246 

11 

54 

75 

1 739 

14 

187 

0 2595 

0 0066 

0 3533 

10 

82 

01 

1 914 

21 

599 

0 2633 

0 0051 


10 

lOS 

39 

2 035 

24 

458 

0 2258 

0 0057 



The graph shows that the relation between intensity discnmination 
and the logarithm of the illumination is of pretty much the same 
character as with the human eye At low illumination the disenmma 
tion IS poor, and as lUummation increases it becomes better, up to a 
certain maximum bejond which the mtensity discrimination cannot 









INTENSITY DISCRIMINATION OF THE BEE 



-2 -1 

Log I — millilambcrts 

Fig 2 Relation between intensity discmnination and illumination Smgle 
readmgs from 270 bees at twenty-seven different mtensities The points represent 
averages of the total number of bees tested at each illummation 
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be further improved The intensity range and the absolute values 
for discnmmation at each intensity are, however very different from 
the figures for the discnmmating power of the human e>e 

TABLE n 

Values for InknsUy Discrxmxnalion of Numbered Anxmals Tested Repeatedly at 
Di^erent Intensities 


Individaal 


No 

2 759 

2 8S0 

IJJO 

1620 

1 812 

0 333 

0^91 

1300 


1 


2 S82 

1 490 


0 826 

0 263 


0 189 


2 


2 878 

1 183 


0 601 

0 233 


0 186 


3 


2 489 

1 472 


0 72S 

0 214 


0 291 


A 


2 191 

I 097 


0 617 

0 352 


0 200 


5 


2 903 

1 228 


0 692 

0 269 


0 211 


6 


2 488 

1 021 


0 692 

0 299 


0 307 


7 


2 095 

1 183 


0 793 

0 296 


0 223 


8 


2 439 

0 957 


0 599 

0 210 


0 233 


9 


2 7SS 

0 811 


0 826 

0 356 


0 224 


10 


1 578 

1 074 


0 617 

0 355 




11 

3 069 



0 792 



0 234 


— 

12 

3 928 



0 986 



0 214 


0 295 

13 

4 488 



1 271 



0 229 


0 344 

14 

— 



0 912 



0 227 


0 251 

IS 

2 449 



0 726 



0 268 


0 317 

16 

2 945 



1 122 



0 214 


0 226 

17 

3 70S 



0 929 



0 232 


0 263 

IS 

3 326 



0 957 



0 19S 


0 251 

19 

4 247 



0 897 



0 217 


0 262 

20 

2 748 



0 815 



0 266 


0 227 

21 

2 918 






0 291 




3 3S3 

2 440 

1 149 

0 941 

0 699 

0 285 

0 236 


0 272 


To mvestigate whether there is any difference between the intcnsit> 
discnmmation curve given in Fig 2 where only one single test was 
made with each mdividual bee used, m another set of c-vpenments 
bees were marked with paint spots on the thorax and abdomen and 
their discnmmating power was tested several times at different illurai 









416 


INTENSITY DISCRIMINATION OF THE BEE 


nations These data are given m Table II The values on the first 
line are the logarithms of the intensities at which the tests were made 

The vertical columns give the corresponding values of — for each 


individual 



Fig 3 Relation between intensity discrimination and illumination data from 
twenty-one individuals tested repeatedly at different intensities Each hon- 
zontal bar corresponds to one observation The curve is the same as in Fig 2 
to show whether there is a difference between smgle or repeated tests 
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In Fig 3 the data of Table II are given graphically On account 
of the fact that at high intensities the points fall very close together, 
the readings taken with each individual are not presented with differ 
ent symbols Each horizontal bar through the vertical lines repre 
sents one pomt The curve drawn through the pomts is the same as 
that given m Fig 2 This has been done to show whether there is a 
significant difference accordmg to the way in which the data ha\ e been 
collected The fit of the curve is not perfect, but at least it is adequate 
enough to show that in repeated tests of the discnminatmg power of 
the eye of a smgle mdividual the same data are obtamed as m smgle 
tests with different bees 


IV 


The vanations of the determinations of Al are of some special 
mterest An actual measurement is made by setting the mtensitj 
(/ 4- Al) Two influences can affect such a setting (1) inadequacy 
due to lack of "fineness” or “mcety” of the adjustment by the observer, 
( 2 ) the natural, inherent, variation of sensitivity in a bee, from moment 
to moment, and among the population of bees It may be important 
to discnmmate between these two lands of variation, and if possible 
to obtain an mdication of the mherent self consistency of the data 
For analysis of such relationships it is essential that the means be 
based upon a constant number of observations throughout (c/ Crozier, 
1929, Crozier and Pincus, 1931-32, Hoagland and Crozier, 1931-32) 
It would be expected that with decrease of AI for a just detectable 
effect, which of course depends upon lower 7, sharper settings of (7 + 
A7) should be possible as concerns absolute error of adjustment, at 
the same tune fluctuations in relative sensitivity of the bees should be 
of absolutely greater effect upon the measured Al over a very mde 
range of values of 7, we would then look to have r E ^7 pass through 
a mmimum We find indeed, that pj; ( 4 ,/,) decreases with increasing 


7 exactly in the same way as does ~ itself (Fig 


4), and that mean 


Al and P E mcrease together (Table I) The deficndence of r E 
upon 7 IS exhibited in Fig S Log P E ^7 is, with sufficient pre 
cision, a rectilinear function of log 7 The determinations at theverj 
low est V alucs of 7 are suggestive of the mmimum inthecuncofPETj 
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to which we have referred, the expenence with the measurements very 
definitely suggests that with still lower intensities the standard devia- 
tion of Al increases enormously In the range of higher intensities, 



P E (Ai/n decreases with increasing hght intensity m the same way as — 


however, where satisfactorily reproduceable settmgs are obtainable, 
log p E IS directly proportional to log I This means that as I 

increases the relative change of p e ma/ ) is directly 

\ P E A/ / 


proportional to ^ 


Hence we are at liberty to conclude (1) that the 


measurements exhibit an mtemal self-consistency which is beyond 
accident, and (2) that the excitation factors which determine A I also 
determme and control the vanahon of A/, hence that the quantita- 
tive level of mtensity discrimination determmes, or hmits, the varia- 
tion in the measure of this discrimination 
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V 

Having provided an intensity discrimination curve for the bee’s eye 
over a range of mtensities of three and a half logarithmic umts, it is 
of some interest to compare the effiaency of the bee’s e> e m this re- 
spect with the human eye 

Hecht (1924-25) has computed from the data of earlier investiga 
tors an mtensity discnmmation curve for the human eye From his 



Fig S Relation between the loganthm of the probable error of A/ and lUimuna 
tion Log p E ai IS a rectilinear function of log 7 abo\e a certain value for 7 
At very low intensities pea/ increases 

curve values can be obtained that can easily be compared with those 
now established for the bee Table III shows that the human eye is 
able to distinguish between two lights of different bnghtness at very 
much lower illummations than can the bee’s ej e At light intensities 
below 1/100 milhlambert the visual acuity of the bee’s eje is so poor 
that It cannot perceive at all the stnpc system in front of it (Hecht 
and Wolf, 1928-29) At an illumination of 1/10 milhlambert the 
bee’s mtensity discrimination is about 2 umts, which is about three 
times as bad as it is for the human qc at its worst The human eye 
has at that illumination a discrimination power which is thirty times 
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better than in the bee, and at an illumination of 100 millilamberts, 
where for both the human eye and the bee’s eye the intensity discnm- 
mation has reached the maximum, the bee’s eye is capable only of 
an mtensity discrimination which is twenty times worse than for the 
human eye 

TABLE m 


Comparison of the Intensity Discrimination of the Human Eye and the Bee's Eye at 

Different Illuminations 


Log/ 

Human eje 

Bee’s eje 

mtUtktmherls 

-5 5 

0 77 


-4 0 

0 52 

— 

—4 5 

0 35 

— 

-3 0 

0 23 

— 

-3 5 

0 14 

— 

-2 0 

0 085 

— 

-2 5 

0 05 

— 

-1 0 

0 04 

1 93 

-1 5 

0 03 

0 95 

0 0 

0 02 

0 51 

+0 5 

0 017 

0 33 

+1 0 

0 015 

0 26 

-hi 5 

0 015 

0 25 

+2 0 

0 015 

0 24 

+2 5 

0 018 

— 

-1-3 0 

0 02 

— 

+3 5 

0 03 

— 


SUMMARY 

1 Bees respond by a characteristic reflex to a movement in their 
visual field By confinmg the field to a series of parallel stripes of 
different bnghtness it is possible to determine at any brightness of 
one of the two stripe systems the brightness of the second at which 
the bee will first respond to a displacement of the field Thus in- 
tensity discrunmation can be determined 

2 The discnminatmg power of the bee’s eye varies with illumma- 
tion in much the same way that it does for the human eye The 
discnmmation is poor at low filumination, as the mtensity of illumina- 
tion increases the discrunmation increases and seems to reach a con- 
stant level at high lUummations 
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3 The probable error of -y decreases with increasing I exactly in 
the same way as does ^ itself The logarithm of the probable error 


of A/ IS a rectilinear function of log I for all but the very lowest in 
tensities Such relationships show that the measurements exhibit an 
internal self consistency which is be>ond acadent 
4 A companson of the efficiency of the bee’s eye with that of the 
human eye shows that the range o\er which the human eye can per 
ceive and discriminate different bnghtnesses is very much greater 
than for the bee’s eye When the discnmmation power of the human 
eye has reached almost a constant maximal level the bee’s discnmma 
tion is still very poor, and at an illummation where as well the dis 
cnmmation power of the human eye and the bee's e>e are at their 
best, the intensity discrimination of the bee is twenty tunes worse 
than in the human eye 
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INTRODUCTION 

In their natural environment the excitable tissues of living organ 
isms are surrounded by a more or less extensive medium which con 
tains electrolytes It is necessary, therefore, in any investigation of 
the electneal activities exhibited by such tissues vi situ to tale into 
consideration the character of the laws that govern the distribution of 
electric currents in volume conductors 
The wntings of Waller (1889) and of Einthoven and his associates 
(1913) indicate that these investigators were familiar wath these laws 
and appreciated their importance Wilson, Wishart, and Herrmann 
(1926) pointed out that they determine the distribution of the electric 
currents produced by the heart and have an important bearing upon 
many electrocardiographic problems A more complete account of 
the observations upon which this prcliminarj' report was based has 
recently been published (Wilson, 1930) Craib (1927, 1928, 1930) 
has showm that the electric field produced by the exatation or injurj 
of stnps of cardiac muscle, skeletal muscle, or meduUated nerve 
immersed in an extensive conducting medium is similar to that which 
surrounds an electneal doublet His observations led him to advance 
the view that at the moment of excitation doublets develop at the 
surface of or at phase boundanes wulhm the excitable tissue Bishop 

* A prcbminarj report based on the matenal mcotporated in this article ap- 
peared in Peer Soc Exp Biol and Med, 1930 27, 5S8 
423 
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and Gilson (1929) have confirmed some of the observations made by 
Craib on skeletal muscle, but interpreted them m a different manner 
It IS our purpose to apply the laws that govern the flow of electnc 
currents in volume conductors to the analysis of certain curves obtained 
by leading directly from the surface of the mammalian auricle^ and 
to explain our observations and those made by investigators workmg 
with other tissues in terms of the membrane theory 

Dtslnhuhon oj Electnc Currents tn Volume Conductors 

The exact form of the equation that defines the distribution of an 
electric current flowing in a volume conductor depends upon many 
factors The equations that apply m several cases of a simple kmd 

^ The mammalian auncle is not essentially a more complicated structure than a 
curanzed frog’s sartonus, an isolated nerve, or a strip of cardiac muscle cut from 
the turtle’s ventncle It can be studied i« silu m the unmjured state, and, un- 
hke a nerve or a skeletal muscle, which is made up of mdmdual fibers differing 
one from another m their physiological properties, it responds as a smgle unit 
The cardiac impulse anses spontaneously at a known site, and spreads over the 
auncular syncytium m essentially the same way as it might spread from a pomt 
of ongm over a simple protoplasmic sheet 
It may be pomted out, however, that the work of Craib (1927, 1928, 1930) shows 
that there is no essential difference between the distnbution of the currents of 
action and of mjury produced by stnps of cardiac muscle, skeletal muscle, or nerve 
immersed m an extensive conductmg medium and those produced by heart 
muscle under the conditions of our experiments Between Craib and ourselves 
there is complete agreement as far as the experimental facts are concerned, m 
the majority of mstances there is, furthermore, no important difference m opmion 
between us as to the mterpretation that should be placed upon these facts 

In statmg that work on the general subject of this article was begim m this 
laboratory a number of years before Craib’s first paper was pubhshed (see Wilson, 
Wishart, and Herrmann, 1926, and Wilson, 1930) and that many of the facts 
to which he has called attention were known to one of us long before that paper 
appeared, we do not wish to raise any question of pnonty or m any way to 
claim any share of the credit due Craib for the fine work he has done Inasmuch 
as our work has been done mdependently of his, we have naturally followed our 
own pomt of view Craib’s work has, however, made it unnecessary for us to 
carry out experiments upon simple tissue stnps or to enter at length upon sub- 
jects that have been adequately discussed in his papers 

The mterpretation which Bishop and Gilson (1929) have placed upon expen- 
mental results similar to those obtamed by Craib is, m our opmion, m conflict 
with the laws that define the flow of electnc currents m volume conductors 
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V.c (,) 

(s) 

V- Zac cose (a) 

(^) 

V^Zac^^i^ (s) 


V’Zac cos9 *^}(G) 

Fig 1 () units of positive electncit> per second enter on extensive homoge 
neous medium through a surface of small radius at A and the same quantitj 
leaves the conductor per second through a similar surface at 5 F is the potential 
of any pomt P of the conductor Equations (1) and (2) oppl> to an infinite plane 
lamma equations (4) and (5) to a medium that is inhnite m all directions Equa 
tion (3) applies to a circular lamina of radius R and equation (6) to a sphere of 
radius R In equations (2) and (5) it is assumed that o, one half the distance 
between the source and sink, is vcr> small m comparison with r Equations (3) 
and (6) mvolve the additional assumption that the sink and source are equidistant 

Q 

from 0, the center of the circular lamma or sphere c equals and cquab 


where d is the thickness of the lamina and k the specific conducti\utj of the 

material of which the conductor is composed The hne AB ma> be called the 
axis of the potential difference, or of the field For the dcnvation of the equa 


tions, sec Pierce (1902), Mason and ca\cr (1929), Canfield (1927), Jeans (1923), 


and Wilson (1930) 
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are given in Fig 1 , for our present purpose there is no advantage in 
dealing with more complicated conditions Examination of these 
equations shows that the potential is positive at points that are nearer 
the source than the sink and negative at points that are closer to the 
latter than the former It is zero at points equidistant from the 
source and sink and approaches zero at points that are at a great 
distance from either 

When r is very small in comparison with R, equations (5) and (6) 
become identical Consequently, when the potential of a point that 
IS very near to a source and smk that lie close together m an extensive 
medium is under mvestigation, the conductor may be considered 
mfinite for all practical purposes When r is equal to R the expression 

m equation (6) becomes 3/r^, ? g , at any point upon the 

surface of the sphere the magnitude of the potential is three tunes as 
great as it would be at the same point if the medium were infinite 

It may also be pointed out that if the volume conductor is infinite 
m all directions one of the two parts into which it is divided by passing 
a plane through the source and sink may be removed without altering 
the character of the electric field* (Pierce, 1902, p 243) 

The application of the equations of Fig 1 to the analysis of curves 
obtamed from the heart in situ involves some rather sweeping as- 
sumptions The equations apply to steady currents, while the cur- 
rents produced by the heart are constantly varying It is assumed, 
therefore, that the effects of induction and capacity are not important 
The conductmg medium m which the heart is immersed is not homo- 
geneous, as the equations require, but heterogeneous Experience 
has shown, however, that the currents produced by the heart are 
distnbuted m the same general way as they would be if the heart were 
surrounded by an extensive homogeneous conductor Emthoven’s 
equilateral tnangle is based on the assumption that this is the case, 

* The electnc currents that arise in the muscle fibers at the surface of the auncle 
will therefore be distnbuted in much the same way after the auncle is exposed 
by opemng the chest as before When the smk and source do not he m the plane 
surface of the conducting half-space obtamed by passing a plane through the in- 
finite medium but beneath it the equation that defines the potential of points 
Ijnng in this surface is of the same form as if the space were whole 
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and has nevertheless been found satisfactory for all practical pur 
poses Nemst (1908) has shomi that m such conductors as salt 
solutions and organic tissues the distribution of steady and of alter 
nating currents is not materially different 

Expcrtmcnlal C uncs 

With these considerations m mind vt may non turn to an experi 
ment nhich so it seems to us, is of a fundamental kind 

The curves shonn in Fig 2 a were obtained m the following wa\ A large dog 
was anestheti 2 cd with sodium amvtal the chest was opened and the heart cvposed 
A non polarizable electrode of small diameter was placed upon the surface of the 
nght auricle midwav between the upper end of the sulcus tcrminalib and the tip 
of the right auricular appendix This electrode was attached to the right arm 
terminal of the string gaUanometer The other terminal was ittnched to a 
similar electrode in contact w ith the subcutaneous tissues of tlic left hind leg ’ The 
galvanometer was used at one 6fth the normal scnsuivntx Two other electrodes 
of the same kind the first in contact with a point near the junction of the superior 
vena cava and right auricle and the second upon the right hind leg were attached 
to the terminals of a second galvanometer so arranged that the deflections of both 
instruments might be recorded on the same plate The second gaUanometer was 
used mereU for the purpose of obtaining a standard cunc to which tlie events 
recorded b\ the first gaUanometer might be related 

It will be observed that the auricular curve recorded bv the first 
galvanometer (upper curve of Fig 2 a) aside from rather compli 
cated minor details is of relatively simple form The gradual descent, 
indicating relative positivity of the exploring electrode with which it 
begins becomes steeper and steeper until a shar]) inverted peak is 
reached Then there is a very sudden shift to a peak similar in all 
respects to the first except that it is alwvc the baseline The succeed 
mg descent of the curve begins wath a steep slope which becomes 
more and more gradual until the zero position is attained * 

’ Hereafter wc shall refer to the electrode placed on or near the heart as llic 
exploring proximal or cardiac electrode and to the clcclnxlc placed at a distance 
from It as the indifferent distal or leg clectnwlc In these leads the galvanometer 
attachments are made in such a wav that relative ncgatuitv of the cxplonng 
electrode vields an upward deflection in the completed record 

* These deflections corre i>ond to the P deflection of the ordinan elcclrocardio 
gram and have approvimatcU the same total duration if we measure from the 
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Fig 2 a Upper curve Direct lead from a point on the surface of the right 
auricle of a large dog, midwa}' between the upper end of the sulcus terminahs and 
the tip of the auricular appendix An upward deflection indicates relative nega- 
tivity of the exploring electrode Indifferent electrode on left hind leg 10 mv 
equals 2 cm Time marks indicate fifths of a second Deflection time of the 
string for 10 mv about 0 0028 second The string was not quite aperiodic and 
slight overshooting was present The “intrinsic deflection” (upward stroke) has a 
duration of about 0 0036 (Lucas comparator) and occurs 0 0309 after the first 
auricular deflection of the standard curve (lower curve) 

Lowei cuive Exploring electrode near junction of superior vena cava and 
right auricle, possibly on the vein Indifferent electrode on right hind leg 


■R 



Fig 2 b Normal electrocardiogram 


first departure from the base line to the final return Thej’^ are the result of the 
spread of the excitatorj" process over the auricular muscle In another sense they 
correspond to the initial deflections of the ventricular complex as opposed to the 
final deflection, for the)" are followed bi a slow deflection of the same type as the 
T-wave This deflection is hidden in the particular curve under consideration by 
the occurrence of large deflections of ventricular origin, vhich occur in their 
proper relation to auricular s) stole, but is clearl) seen in curves from animals in 
which heart-block vas produced 
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A curve of the same type as that described was obtained in an 
experiment m which, after clamping and cuttmg off the tip of the 
auncular appendix, the exploring electrode was introduced into the 
auricle and brought mto contact with the endocardial surface of the 
auricular wall in the same region as m the external leads This curve 
was very shghtly reduced in amplitude when a thick pad of gauze 
soaked in Ringer’s solution vas placed in contact with the external 
surface of the auncle, and regained its original amplitude vhen this 
pad was removed 

From vhat has been said previously it is clear that the distal elec 
trode placed upon the left hind leg was so far from the auncle, where 
all of the currents m which we are at present mterested were produced, 
in companson with the cardiac electrode, that its potential \ anations 
may be regarded as neghgible ‘ We may therefore regard the upper 
curve of Fig 2 a as a record of the potential variations of the small 
region of the auncular surface upon which the proximal electrode was 
placed The spread of the exatatory process from the sinus node 
over the auncular muscle produced at this point, if we may refer to 
It by that name, a gradual mcrease m positivity to an abrupt max 
imum, a sudden reversal to maximum negativity, and a final decline 
to zero ‘ When curves taken at points nearer to and at points farther 
from the sinus node are examined it is found that the peak of maxi 
mum positivity and the succeeding peak of maximum ncgatnity 
retam the same, or nearly the same, relation to each other, but alter 
their relation to the standard curve, coming at a progressively later 
tune as the distance of the pomt investigated from the sinus node 
increases (Fig 9) Obviously, the peak of maxunum positi\nt> 

‘ The elimination of the influence exerted b> vamUons m the potential of the 
leg electrode upon the curve under consideration could not possibU alter anv 
ordinate of this curve bj more than two or three tenths of a milhvolt or approxi 
mately one half of one small scale division {cf Wilson F N , Maclcod, A G , and 
Barker, P S Am Iltart J , 1931, 7, 207) 

“ This curve may be compared wath those that Craib obtamed bv a similar 
method of leading from strips of cardiac muscle skeletal muscle and nerv c im 
mersed in an extensive conducUng medium (1930 Plate I, Cun es 5 to 10 mclusiv c) 
In making this comparison it should be borne m mind that the dcflecUons that 
Ctaib asenbes to ‘doublets of retreat ’ arc hidden in Fig 2 A bv the occurrence of 
ventricular deflections 
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marks the onset of what Lewis and his associates (1914) have referred 
to as the “mtnnsic deflection ” As they have shown, this deflection 
signals the arrival of the excitation process beneath the proximal 
contact of a pair arranged radially with reference to the smus node ’’ 

It will be noted, however, that the potential of the explormg elec- 
trode does not actually become negative until the quick upstroke that 
follows the mverted peak crosses the base hne It will be convement 
to regard this latter pomt as markmg the passage of the crest of the 
excitation wave 

In attemptmg to analyze the curve under consideration we may 
assume, for the moment, that we are deahng with a smgle source and a 
smgle sink While the first half of this curve was bemg wntten, the 
explormg electrode was positive and therefore nearer to the source 
than to the sink, durmg the period when the last half was wntten it 
was negative and therefore nearer to the latter than to the former 
The form of the curve clearly suggests that the crest of the excitation 
wave IS preceded by a source and followed by a sink 

Theoretical Curoes 

With the help of this suggestion we may attempt to derive an 
equation that wfll define a curve similar to that recorded expen- 
mentally For the purpose of mvestigatmg the effect of a smgle 
source and a smgle sink movmg m a straight hne with a uniform 
velocity upon the potential of a pomt near which they pass, we may 
utilize equation (4) 

The axis^of the potential difference may be taken as the axis of X, 
and the pomt midway between the source and sink as ongm The 
potential of P, any pomt of the hne y = b, may then be determmed 
m the foUowmg way m Fig 3, rz, the distance of P from the source, 
equals V(a. — ay -f 6^, and r:, the distance of the same pomt from the 
Rink equals V(a- -f a)^ -|- Consequently, by substitution m equa- 
tion (4) we have 

In the article referred to the electrode that was nearer the smus node was 
called the proximal electrode, it was attached to the nght-ann tenmnal of the 
stang galvanometer 
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V(x - o)« + V(x + <■)> + 

The quantity b is obviously the value of ri when x = a and the value 
of f] when x = —a It represents the minimal distance between the 
point P and the smk or source It is necessary to mtroduce this 
quantity m order to avoid infinite values of V when r, or ri becomes 
zero, and which result from the assumption that the source and smk 
may each he represented by a pomt 
The form of the curve represented by equation (7) for arbitrary 
values of c', a, and b is shown m Fig 4 It will be observed that this 
curve closely resembles the experimental curve descnbed msofar as 
the general outlme of the latter is concerned It is obvious that when 





Fig 3 


X = 0,V = 0, and that when b is small, V is maximal for some value 
of X shghtly greater than a and mmimal for some value of x slightly 
less than —a We have not been able to deteimme the maxima and 
mmima of this curve analytically, but this can be done m the case of 
the corresponding curve derived from equation (5) In that case 


V - 2acr 


X 

(x» + 


( 8 ) 


and V IS maximal when x = bl'^/l and mimmal when x >=• — bj'^ 
In the curves represented by both of these equations (7 and 8) the 
maximal and mmimal values of the function depend upon b m such a 
way that the distance between the positive and negative peaks in- 
creases as b increases In equation (7) this distance approaches the 
limit 2a as b approaches zero 
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Fig 4 Curve defined by equation (7) when c' = 100, a = 1, J = 1 

If we assume that the pomt P moves along the Ime y — b with a 
unifonn velocity v from a pomt where x has a very large positive 
value to a pomt where x has a veiy large negative value, or that P is 
stationary and the ongm moves from left to nght with a sunilar 
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veloaty we may replace x by vt where I is the time In that case / 
must he measured m the same manner as s, j e , it must be zero when 
* IS zero, and negative when * is negative 

The mterval that separates the positive and negative peaks of the 
experimental curve shown m Fig 2 A is approximately 0 0036 second 
Smce the veloaty of the exatation wave was about 1000 mm per 
second, the distance 2o, or the distance between the source and sink, 
assummg that b was very small, was m the naghborhood of 3 6 mm 
This distance can, of course, be determmed only approximately 
The exact value of b is unknown, and furthermore, we hav e assumed 
that the region upon which the electrode rests may be regarded as a 
pomt Actually, we are not measunng the potential at a pomt, but 
the mean potential, or somethmg approaclung this, of the region 
mentioned With the soft tipped electrodes that must be used, 
the size and shape of this region vanes with different apphcations of 
the electrode, and, because of the movements of the aunclc, to 
some extent from mstant to mstant The size of the region over 
which the electrode and the auncular surface are m contact must 
clearly influence the form of the curve 

At any given instant the potential of the point under mvestigation 
must be the same, or nearly the same, as that of every other pomt 
that bears a sunilar relation to the crest of the wave of exatation 
It IS clear, therefore, that we must be dealing not with a smgle source 
and a smgle sink, but with a large number of sources and smks, the 
former arranged along a Ime parallel to the wave crest and just in 
front of it, the latter along a sunilar hne just bchmd it It seems 
reasonable to suppose that there is a source and sink within each 
muscle fiber along which the exatatory process is passing In that 
case equation (7) may be regarded as rcpresentmg the potential 
variations produced at a given pomt by the activation of a smgle 
straight muscle fiber when b is the perpendicular distance from the 
fiber to the given pomt 

The experimental curve, on the other hand, is produced by the 
activation of a large number of musde fibers, and is the algebraic 
sum of a large number of curves of the type defined by equation (7) 
For each of these curves b will have a different value, it is obvious, 
however, that those muscle fibers that are close to the electrode, for 
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which the value of h is small, will have individually a much greater 
effect upon its potential than the fibers that are more distant 
We have attempted to modify equation (7) in such a way as to 
mclude a large number of fibers The expression 

, , ( iV(x ~o)^+P+lP + /) i\/(x + ay+P + b^ - l)\ 

V = C’ 11 log, I ■ : = — - - T7 : — r I (9; 

\(V (a: - o)* + P + - 0 (V(* + o)* + P + 6* + 0/ 

defines the potential under the conditions postulated in Fig 5, and 
the accompanymg legend The curve represented by this equation 
IS shown in Fig 6 It will be seen that the differences between this 
curve and the curve derived from equation (7) are of a minor kind 


z 



Fig 5 The large rectangle lying in the XV plane and bisected by the X axis 
represents a thin sheet (2 I units in width) of very long parallel muscle fibers 
The number of fibers, and therefore the number of sources and of sinks, per unit 
width of the sheet is fi All of the fibers have been stimulated simultaneously 
and the crest of the excitation wave hes upon the Y axis The distance between 
the sources and sinks that accompany this wave is 2 o The explormg electrode 
IS at the pomt P, of which the coordmates are x, o, b The potential of the explor- 
mg electrode is given by equation (9) which is derived from equation (4) c' has 
the same significance in both equations 

In this case also the distance between the peak of maximum positivity 
and the peak of maximum negativity approaches 2u, the distance 
between the source and sink produced by a single muscle fiber, as h, 
the distance from the electrode to the nearest muscle fiber, approaches 
zero 

Lewis and his associates (1914) have shown that the excitatory 
process, onginatmg at the smus node, spreads radially in all directions 



Fic 6 Curve defined bj equation (9) when c'|^ — 100, o-^l, 6 — 1, / — S 

with a more or less uniform velocity Regarding the surface of the 
auricle as a plane, the crest of the excitation wave must he at anj 
mstant upon the arcumference of a arcle The sources and suits 
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associated with this wave would be distnbuted somewhat as m Fig 7 
and the potential of a pomt near the auricular surface would be de- 
fined by the equation 




Fig 7 The excitation wave has ongmated at the ongin and is spreading in all 
directions with the same velocity through a thin sheet of muscle Ijnng m the XV 
plane The crest of this wave hes upon the cnrcumference of a circle of radius x 
The sources that precede it he upon the circumference of a circle of radius x -h a, 
and the sinks that follow it upon the circumference of a circle of radius x — a 
The sources and sinks are equal m number and the number of the sources per unit 
length of arc is fi The explormg electrode is at the pomt P, of which the coordi- 
nates are s, o, b The potential of this electrode is given by equation (10) c ' m 
this equation has the same significance as m equation (4) The two mtegrals are 
complete elhptic mtegrals, the values of which for known values of k may be foimd 

m suitable tables 

the value of is 

•\/(a: — a -h s)’ -b h* 


(c/ Pierce, 1910) The value of jfei is • 


— a) s 


2 V (a; -f g) s 
\x + a + sY + ^ 


Here again b, the perpendicular distance from the given pomt to the 
auncular surface is mtroduced to avoid infinite values of the function 
and the distance between the peak of maximum positivity and the 
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peak of maximum negativity is approximately la when h is aerv 
small ® 

The type of curve defined by this expression is showai m Fig 8 
Unlike the curves shown in Figs 4 and 6 it is as>Tnmetrical In 
general outline it is like the experimental curves obtained at rclativtlv 



® In some respects however this last equation differs from the prcxious ones 
Since r IS the radius of a circle (hiff 7) it cannot ha\c negatn e x aluc^ furthermore 
since the radius of the circle upon which the sinks lie is x — i the equation becomes 
meaningless when x is equal to or smaller than <i 
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short distances from the sinus node (Fig 9 a) When the exploring 
electrode is placed immediately over the node there is, of course, no 
downward deflection As the electrode is moved away from the node 
a small downward deflection appears and increases in amplitude until 
the curve becomes nearly symmetrical When the exploring electrode 
is placed near the tip of the auricular appendix the peak of maximum 
negativity is poorly developed (Fig 9 b) At the extreme tip of the 
appendix it disappears It is probable that the asymmetry of the 
curves obtained near the point where the excitation wave originates 



Fig 9 a and B Two curves from the same experiment as that shown in 
Fig 2 A The upper curves in A and b were taken in the same manner as the upper 
curve m Fig 2 a, except that m A the exploring electrode was closer to the smus 
node and in b it was near the tip of the auricular appendix In A the intrinsic de- 
flection begins 0 0125 second after the first auricular deflection in the standard 
lead and has a duration of 0 0046 In b the intrinsic deflection begins 0 0375 
second after the first auricular deflection of the standard lead (Ion er curve) and 
has a duration of 0 0064 second 

and near the point where it is extinguished is due in part to the same 
circumstances that make the theoretical curve asymmetrical When 
the distance of the electrode from either of these points is less than a 
wave length (the distance between the sources and sinks that accom- 
pany the fully developed excitation wave) the asymmetry is due 
chiefly to conditions that equation (10) does not take into account 
For reasons that mil become apparent later the sources and sinks 
grow in strength and separate as the excitation wave develops and 
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undergo the opposite changes when it is extinguished A source of 
full strength cannot occur at a distance from the pomt of ongm that 
IS less than the lull wave length, nor can a sink of full strength occur 
at a distance less than this from the pomt of extinction Space is not 
avaflahle, however, for a complete discussion of this matter or of 
other factors that may make the experimental curve asymmetneal 

Regardless of which of the three equations is employed, the distance 
between the positive and negative peaks, when 5 is very small, is 
approximately 2a, the distance between the source and smk assumed 
to be present within each muscle fiber along which the excitation wave 
IS passmg It IS suggested, therefore, that the mterval which sepa- 
rates the peaks of the experimental curve obtamed when a very small 
explonng electrode is placed in contact with the auricular surface at a 
pomt midway between the sulcus termmalis and the tip of the right 
auncular appendix is an approximate measure of the interval that 
separates the sources and sinks associated with the excitation of those 
fibers m close proximity to the electrode, providmg that the arrange- 
ment of these fibers is not of too complex a kind and that all conduct 
with the same or nearly the same velocity We may refer to this 
interval as the effective length of the exatation wave 

Electric Field of a Polarized Manbrane 

The observations described suggest that the electrical effects pro 
duced by the exatation of a single muscle fiber arc the same as those 
that would occur if the crest of the wave of excitation were preceded 
by a source and followed by a smk The same conclusion can be 
denved on theoretical grounds from the so called membrane theory 
advanced originally by Bemstem which is too well known to require 
exposition here We need merely say that according to this hypoth 
esis each element of a restmg muscle fiber is surrounded by a semi- 
permeable membrane and is m consequence the seat of a double 
layer of ions, a layer of cations, to which the membrane is permeable, 
on its outer surface and a layer of anions, to which the membrane is 
impermeable, on its inner surface 

Under these circumstances physiologists arc accustomed to speak 
of the membrane as polarized (Bayhss, 1918, pp 649-650) It is 
held that when a muscle clement passes from the resting to the active 
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state the membrane bounding it becomes permeable to the anions 
as well as to the cations and is depolarized, when it returns to the 
resting state it is repolarized 

Smce the membrane is supposed to be very thm and smce the cations 
on its outer surface are positively and the anions on its mner surface 
negatively charged, a polanzed membrane is equivalent electrically 
to a thin polarized shell The potential V at any pomt P of an infi- 
nite homogeneous medium® withm which such a membrane is immersed 
IS determined by the expression 

where ipisa constant,” which may be defined as the electrical moment 
of a membrane of unit area, and w is the solid angle subtended by the 
membrane at P, j e , w is the area cut out upon a sphencal surface of 
unit radius mscnbed about P by the cone formed by drawmg Imes 
from P to every pomt upon the boundary of the membrane When 
an observer who is stationed at P and is lookmg through this cone sees 
the positive side of the membrane, V is positive, when he sees the 
negative side of the membrane, V is negative It is convenient to 
consider the sohd angle that determmes V to have the same sign 

By the boundary of the membrane is meant an edge at which it temunates 
In this sense a tennis ball has no boundary but if it be cut m two parts (equal or 
imequal) each portion has a boimdary which is the cut edge When a part of 
the membrane is depolarized the boimdary is the Ime which separates the polarized 
from the depolarized part 

The sohd angle subtended by the completely closed polarized shell 
or membrane that surrounds a restmg cell (Fig 10) at any pomt 
outside the ceU (Po) is zero (Pierce, 1902, p 215) Consequently, 
the potential at all pomts outside a restmg muscle fiber immersed m an 
infini te, homogeneous conductor would be zero The sohd angle 

®The assumption that the medium, instead of bemg infimte, is a sphere of 
large radius does not matenally alter the character of the electnc field 
Cf Pierce, 1902, 215 

Equation (11) is derived from equation (5) of Fig 1 (f> equals 2 ac' n, where 

a and c have the same significance as m that equation and /i is the number of sinks 
or negative charges on the inner and the number of sources or positive charges 
on the outer surface of the shell or membrane per unit area 
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subtended at any inside point (Pj) is 4r hence the potential at all 
points inside the fiber would be and would be negative since the 
negative charges are on the inner surface of the polarized membrane 
In passmg across the membrane from an outside to an mside point 
there would be a sudden drop m potential amounting to Avipy a dis 
contmuity of the potential function similar to that which occurs m an 
electnc cell So long as the polarization of the membrane remamed 
unaltered, the drop m potential across it would be the same whether 
it formed an open or a closed surface (Pierce, 1902, p 215), * c , if 



Fic 10 The diagram represents a c>lmdncal cell surrounded b> a pobnzcd 
membrane and immersed m an mfinite conducting medmuL P is any point 
external to the cell and Pi any point inside the cell A plane (represented by a 
Ime) through Pj divides the closed membrane that surrounds the cell into two 
parts A and B, each of which maj be considered alone as if the other were not 
present. The sohd angle subtended at P b> that portion of the membrane 
lying to the left of the dividing plane, is dcfiincd as the area cut out upon a spherical 
surface of unit radius inscribed about P ns center by a certain cone. This cone 
IS formed by drawing Imes (mdicated by broken hncs) from P to every point upon 
ibe boundary of A When an observer stationed at P looks through this cone 
he secs the negative side of the membrane A, and the solid angle subtended b> this 
membrane at P is therefore negative The boundary of P is the same as the 
boundary of A (the boundary of each membrane being the edge that abuts upon 
the plane through P/), and the solid angle subtended by P at P is equal to that 
subtended b> A at the same pomt m absolute magnitude. Since an observer who 
13 looking through the specified cone secs the positiv c side of P, the sohd angle sub- 
tended at P by this membrane is positi\e Conscquentlj , the sohd angle sub- 
tended at P b> A and P together is zero The sohd angle subtended by A at 
P/ and that subtended by P at the same point arc each equal to 23r and both arc 
negative. The lines drawn from Pj to the boundan of A and P he m the plane 
passed through this pomt. This plane may be considered a cone whose vertex 
IS at P and whose solid angle is 2ir 

Pi and Pi are two pomts verv dose together, one on either side of the mem 
brane A 
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fi and p 2 (Fig 10) are two points very close together, but on opposite 
sides of a completely closed and uniformly polanaed membrane the 
difference m potential between them (47r^6) will not be altered by re- 
movmg or depolarizmg a distant portion of the membrane so long 
as the charges upon that portion of the membrane that hes between 
and adjacent to them are not disturbed 
The maximal electromotive force across a semipermeable membrane 
polarized m the manner specified is given (Donnan, 1924-25) by the 
equation 

£ = ^ log, - (12)» 

nF ct 


where R is the gas constant expressed m electrical units, T, the abso- 
lute temperature, F, the Faraday equivalent, n, the valency of the 
diffusible cation, and Ci/cz the ratio of the concentration of this cation 
on one side of the membrane to its concentration on the other Con- 
sequently, 


RT 

4 ir nF 



(13) 


Inasmuch as the solid angle subtended by a polarized membrane 
is not determmed by the configuration of the membrane but solely by 
its boundaries, the electncal fields produced m an infinite medium by 
two membranes, polarized m the same sense and to the same intensity, 
which have the same boundaries must be identical In Fig 11 the 
polarized disk A and the polarized membrane B, a cylindrical shell 
open at one end, taken together form a completely closed surface 
The potential at P, any pomt outside this surface, due to A and B 
taken together is therefore zero We may regard this potential as 
the sum of two potentials, the potential at P due to A alone, and 


This IS the Nemst equation for a concentration cell It has been found that 
the electromotive force is determmed by the ratio of the activities of the ion 
(Levis and RandaU, 1923) rather than by the ratio of its concentrations In dilute 
solutions these two ratios do not duffer matenally This equation is mtroduced 
here to show that the constant p has the dimensions of an electromotive force, 
and to mdicate the nature of the factors that may determme its value Whether 
this equation, which is reasonably accurate m the case of non-hvmg systems, can 
be apphed to hvmg cells is for the purpose of this article immatenal 
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— Vp, the potential at P due to B alone We have then + 
(“Fb) = 0, consequently F^ and Vg are equal in magnitude. If 
v,e reverse the charges on as m Fig 11, ft, the solid angles subtended 
by A and B a,t P which are equal in magnitude will have the same 
sign and the former may be substituted for the latter m computing 



V 


Fig 11 The diagrams represents a cyhndncal cell surrounded by a membrane 
%vhich IS represented by a continuous line That portion of the membrane that 
IS represented as extending for an mdefimte distance to the right of the broken 
line A has been completel> depolarized The remamder of the membrane la 
belled B is still polarized. The transition from the depolarized to the polarized 
portion of the membrane is represented as abrupt P is any pomt outside the cclL 
In order to compute the effect of the polarized membrane B upon the potential at 
P iTC unagme a polarized disk A , indicated by a broken line placed at the junction 
of the polarized and depolarized portions of the cell A and B together ivill then 
form a closed polarized surface and the potential at P due to A and B together 
must be zero The effect of the polarized membrane B upon the potential at P 
roust therefore be the same as the effect produced bj the polarized disk A mth 
the polant> of the charges reversed as m diagrara 6 This is mercl> a mathemat 
ical method of obtammg a convenient resultant of the charges upon the membrane 
B In this sense and in this sense only —A may be substituted for B 
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the potential of points external to the closed surface which they form 
when taken together 

It IS clear that if the excitation of a muscle fiber consisted m the 
mstantaneous and complete depolarization of the membrane bounding 
successive elements of the fiber, so that an abrupt transition occurred 
at the junction of the polarized and depolarized portions of the mem- 
brane, the electric field at outside points due to the charges upon the 
former and the electric field that would be produced by the charges 
upon a polarized disk located at this junction would be identical 
The disk must be polarized to the same intensity as the membrane 
of the resting fiber and the negative side of the disk must face toward 
the active muscle Under these circumstances a polarized disk travel- 
Img along the fiber would give all of the electrical effects associated 



Fig 12 The diagram represents a cylmdncal cell surrounded by a polarized 
membrane except that the disk of membrane that closes one end of the cyhnder 
has been completely depolarized ABC is any cirout that does not pass and DEF 
any circuit that does pass through the depolarized portion of the membrane 

with the wave of excitation and at any mstant the electric field would 
be such as might be produced by polarization of the surface separating 
the active from the resting muscle 

In so far as these conclusions are concerned the extent of the con- 
ductmg medium m which the muscle is immersed is immaterial The 
electromotive force across the membrane must be the same whether 
the medium is limited or infinite, it is defined by equation (12) mto 
which the extent of the medium does not enter Imagme that it were 
possible to completely depolarize the membrane at one end of a muscle 
fiber without altering the other charges (Fig 12) Let ABC repre- 
sent any possible circuit in the medium that does not pass through the 
depolarized portion of the membrane If this circuit cuts the polar- 
ized membrane it must do so an even number of times and the sum of 
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all the potential discontinuities that it contains must be zero DLP 
represents any arcuit that passes through the depolarized membrane 
at the end of the fiber and crosses the polarized membrane an odd 
number of times The sum of the potential discontmuities in this 
circuit must be 4ir0 K the depolarized portion of the membrane 
IS now repolanzed no current will flow m any arcuit It is a general 
pnnaple that if m any arcuit or m any network, contaimng any 
number of batteries, the addition of another battery reduces the cur- 
rents flowmg to zero, the currents m all arcuits will be the same as 
they were origmally if the polanty of the last battery is reversed and 
all others are removed “ Whatever the extent of the medium m 
which the fiber is immersed, the electnc field of the partially depolar 



Fig 13 CD is a disk of radius o, whose center is at 0 Fi is anj point on the 
axis of this disk, P any point not on the ans 

ized fiber must, therefore, be equivalent to that of the circular disk 
of polarized membrane polarized m a sense opposite to that required 
to reduce the current m all arcuits to zero 
The potential at any point m an infinite homogeneous medium m 
which a polarized disk is immersed is determmed by the solid angle 
subtended by the disk at that pomt In Fig 13 the magnitude of the 

1’ It IS, of course, required that these procedures shall not after the resistances 
of the circuits involvei In applying this pnnaple of substiluUon to the par 
tially depolarized muscle fiber, it should be remembered that any pccuhanties 
of resistance must not be changed If the membrane, the intcnor of the cell 
and the medium differ m conductivity the polarized disk that is substituted for 
the charges distributed over the pattiall} depolarized fiber will not be immersed 
m a homogeneous medium the resistance alter substituuon muil be the same as 
before. 
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solid angle subtended by the disk CD at a point on its axis (Pi) is 
defined by the equation 

ci) = 27r (1 — cos 1 ^) (14) 


In order to define the magnitude of the solid angle subtended at a 
pomt not on the axis an infinite senes is required “ If the radius of 
the disk is small, that of a muscle fiber, the solid angle subtended by 
it at any relatively distant pomt P is, however, very nearly equal to 
S cos 0 

where S is the area of the disk and r and d have the significance 


mdicated m Fig 13 If the disk is polarized the potential at P will 
be defined approximately by the equation 


V = 4>S 


cos 0 


(15) 


This expression is identical with that which defines the potential at 
any pomt due to a smgle source and a smgle sink lymg very close to- 
gether upon the axis of the disk and equidistant from its center The 
, strength of this doublet is proportional to the product of the area of the 
disk and the mtensity to which it is polarized The magnitude of the 
electric currents produced at a given mstant by a partially depolarized 
muscle fiber should likewise be proportional to the product of its 
cross-sectional area and the mtensity of its polarization 

Gradual Depolarrzahon 

In the foregomg discussion it has been assumed for the sake of 
simplicity that the activation of a muscle fiber is accompanied by 
complete and instantaneous depolarization of each successive portion 

If the disk CD were polarized the potential at any point P (Fig 13) would be 
exactly defined by the senes 

„ cos 6 ri5a<_, . 135 o' . . 

F = 4>5 — 4 ”^ - 7 - - Pj (cos e) — - — Ps (cos 6) etc 

4 H 4 6 r' 

in this expression 5 is this area of the disk and Pm (cos &) is the appropnate coeffi- 
aent of Legendre This senes is convergent if the ratio of o to r is less than 1 
It will be noted that equation (15) may be denved from this senes by droppmg 
all terms except the first 
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of the fiber So long as all portions of the fiber are depolarized to the 
same extent it will not matter whether depolarization is complete or 
incomplete Obviously, mstantaneous depolarization is impossible, 
and we must therefore attempt to determme to what extent the effects 
produced by gradual depolarization will differ from those that would 
occur if depolarization occurred mstantaneously 
If the number of charges per imit surface m the resUng fiber is p 
the distnbution of the charges may be considered equivalent to N 


distnbutions of density — , t e , we may conceive of the total charge 


as made up of ^ layers of infinitesimal thickness, each layer contammg 


M 

N 


charges per unit surface 


Suppose that depolarization of the fiber 


begms at one end, that complete depolarization has taken place to 
the nght of ^ m Fig 14, and that between A and B partial depolan 
zation has taken place, so that the number of charges per unit surface 
increases progressively from ^ to B where the mtensity of polarization 
becomes that of the resUng fiber Let that portion of the cylindrical 
fiber which lies between A and S be divided into A'' — 1 zones by 
means of N thm lammae perpendicular to the axis of the cylmder 
The first of these lammae will pass through A, the A^th through B 
Suppose that AT is a very large number and consequently that the 
zones are so narrow that the number of charges per unit surface withm 
any zone is constant, the number of charges per unit surface will 

then be — over the first zone, 2— over the second zone, 3-^ over the 
N N Af 

third, and so forth, reachmg a value of m zone A’’ — 1 If 

the arcular disk cut out of each lamina by the curved surface of the 


cylmder is polarized to density the positive charges being toward 


the depolarized end of themusde, the distribution will be cqmvalcnt to 
N completely closed surfaces over each of which the polarization dcnsit> 

IS — and the potential at any pomt outside the c>lmdcr due to this 

N 

distribution will be zero Consequently, the potential at an> point 
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Fig 14 The diagram represents a cylmdncal cell surrounded by a membrane 
(mdicated by a contmuous Ime) This membrane is uniformly polarized to the 
left of jB (to avoid confusion only the positive charges are mdicated) and com- 
pletely depolarized to the nght of A Between B and A the mtensity of polari- 
zation dechnes by successive steps to zero In order to determme the effect of 
this polarized membrane upon the potential of any pomt outside the cell we im- 
agme a number of polarized disks (mdicated by broken bnes) located between A 
and B Each disk is placed at a pomt where a drop m the mtensity of polanzation 
occurs and forms with the layer of sources and sinks (only the former are shown) 
that does not extend to the nght of it a completely closed and uniformly polarized 
surface The potential at any pomt outside the cell due to the polarized membrane 
and the polarized fligls taken together will therefore be zero Consequently the 
polarized membrane will have the same effect upon the potential at an outside 
pomt as would be produced by the disks if the polanty of then charges were re- 
versed as mdicated In this sense the polarized disks may be substituted for the 
polarized membrane m computmg the electric field outside (but not inside) the 
cell 
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outside the cell due to the charges distributed over the partially 
depolarized muscle fiber will he the same as the potential at the same 
pomt due to the N polarized disks l3nng between A and B with the 
polanty of the charges reversed as mdicatcd m Fig 14 Smce there 
are N disks distributed over the distance AB which we may call L, 
the mean number of disks per unit length within the mterval AB is 
N 

— Providing that the number of disks per umt length is the same 

for all parts of AB, the potential at P due to all of the disks will be 
defined by the expression 



Consequently, the potential at P, any pomt outside the cell, is equiva 
lent to that produced by a single source at B and a smgle sink at A , 
that is to say, a source at the pomt where the depolarization is just 
beginnmg and a sink at the point where it has just become complete 
The potential of an electrode placed veiy close to the muscle fiber will 
reach its maximum positivity at the moment when depolarization of 
the subjacent membrane begins, and its maximum negativity at the 
moment when depolarization of the subjacent membrane is complete 
If the distance AB is small m companson with the distance of P from 
the fiber the above equation becomes 



and if this equation is compared with equation (IS) it will be seen 
that the potential of an electrode distant from the fiber will be the 
same as it would be if depolarization of each successive element of the 
fiber took place mstantancouslj 

In the above discussion it has been assumed that the rate of dcpolaf 
ization IS constant, in other words, that after depolarization of any 
given portion of the membrane begins, it proceeds at a uniform rate 
until complete It is very improbable, however, that depolarization 
takes place in that way Suppose that it proceeds very slowly at 
first, then with mcreasmg rapidity untd its rate is maximal, and finally 
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With diminishing speed until it is complete The mean number of 
polarized disks, or sources and sinks, per unit length withm the mter- 

val AB will stUl be — , but the number of disks m any given subdivi- 
L 

Sion AL of this interval will vaiy with the position of AL withm the 
mterval If AL is near the beginning or end of the interval the number 
of sources and sinks will be small, if it is near the middle of the mterval 
the number will be large The distribution of sources and sinks will 
be similar to that shown m Fig 15 in which each square represents a 
source and sink, or a polarized disk In this curve the ordmate at 
any given pomt represents merely the number of sources and smks 
per unit length of the mterval AB at the corresponding pomt withm 
the interval, all of the sources and smks are supposed to he upon the 
line AB Each horizontal row of squares may be represented by a 
single source and a single sink as indicated m the figure For the 



Fig 15 At a given instant the membrane that surrounds a cyhndncal cell is 
uniformly polarized to the nght of A and completely depolarized to the left of B 
Between A and B it is partially depolanzed The rate at which the mtensity of 
polapzation is changmg at any pomt between A and B is proportional to the 
length of the ordmate that passes through that pomt For the pu^ose of deter- 
mining the potential at any pomt outside the cell we may substitute for the 
positive and negative charges that remam upon the polarized and partially de- 
polarized portions of the membrane a certam distnbution of charges obtained by 
placmg withm each element of the mterval AB the number of polarized disks 
mdicated by the ordmate of the curve passmg through that element These 
polarized disks, each of which is approximately equivalent to a source and sink very 
dose together (a doublet) are indicated by small squares They are proporhonal 
m number to the area imder the curve For these disks we may m turn substi- 
tute the sources and smks mdicated by appropnate signs, all of which are supposed 
to he upon the hne -<415 If I represents the length of the hne AB and JV the total 
number of polarized disks, the mean number of disks per imit length of AB will be 

— and the area under the curve will be equal to that of the rectangle indicated 
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lowest row of squares the source will be at A arid the sinh at B For 
the other rows the source and sink will he closer together and both 
will he between A and B Inspection of the figure shows that the 
concentration of sources wdl be greatest at the pomt where the rate 
of depolarization is increasing most rapidly, and that the greatest 
concentration of smks will occur at the pomt where the rate of de- 
polarization IS decreasmg most rapidly We may therefore expect 
that if this distnbution of sources and sinks passes along a muscle 
fiber with a uniform veloaty, an electrode placed close to the fiber will 
display maximum positivity approximately at the time when the 
rate of depolanaation of the membrane beneath it is mcreasing most 
rapidly, and maximum negativity at the time, approximately, when 
the rate of depolarization of the membrane beneath it is decreasing 
most rapidly “ The distance between the peak of maximum posi 
tivity and the peak of maximum negativity m such curves as that 
shown in Fig 2 a must depend upon the form of the curve that rep 
resents the rate of depolarization at a given pomt 
The total number of sources and sinks within the distnbution is 
represented by the area under the curve (Fig IS), which is equivalent 

N 

to the area of the rectangle of which AB forms one side and — , the 

mean number of sources and sinks per unit length of AB, the other 
At points distant from the muscle m companson with the length 
AB the electneal effects will be the same whatever the distnbution of 
sources and sinks within the interval AB Consequently, it will be 
immatenal whether the rate of depolarization is constant or x anable, 
or whether depolarization at a pomt takes place gradually or m 
stantaneously 


Repolanzatioif 

When the penod of activity comes to an end, and the muscle fiber 
IS restored to the resting state, repolanzation of the membrane is 
assumed to take place If the order of repolanzation is the same as 
the order of depolarization the electneal effects produced by it must 

“This conclusion holds onl> in case the curse that represents the rale of dc- 
polanrauon belongs to a certain class 
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be opposite in polarity to those produced by depolarization With 
this exception all of the statements made with respect to depolariza- 
tion apply with equal force to repolarization The form of the curve 
that represents the potential variations produced by the repolanza- 
tion of a single muscle fiber at a pomt near the fiber will depend upon 
the distance AB, where A is the point at which repolanzation is just 
beginnmg and B the pomt at which it has just become complete, 
upon the form of the curve that represents the rate of repolarization 
at any given pomt, and upon the velocity of the wave of repolanza- 
tion along the muscle fiber At pomts distant from the fiber m com- 
panson with the length AB the potential at any mstant will be the 
same as if repolanzation at any given pomt took place instantane- 
ously It IS clear that if the order of repolanzation is the same as the 
order of depolarization the total electncal effect produced by the one 
process must be equal m magnitude but opposite m sign to that pro- 
duced by the other. In other words, the total quantity of electncity 
flowmg through any given circuit must be the same m both cases 
We should expect the curve shown m Fig 2 a to be followed by a 
curve of similar form in which the positions of the positive and nega- 
tive phases were reversed This portion of the curve, however, is 
hidden by the occurrence of ventncular deflections Although we 
have performed a few experiments m which the production of com- 
plete heart block prevented interference of this kind, we are not as 
yet in a position to offer a satisfactoiy analysis of the electncal effects 
produced at pomts upon the auncular surface by repolanzation of the 
auncular muscle It is obvious, however, that repolanzation takes 
place very slowly m comparison with depolarization and that the 
former is modified by a great many factors that have httle or no 
effect upon the latter Consequently, the number of fibers or units 
producmg electnc forces simultaneously is much greater m the case 
of repolanzation than m the case of depolarization and the order of 
the two processes is not necessarily the same 

This statement does not apply dunng the penod when the recovery wave is 
developmg or bemg evtmguished, nor does the similar statement made with 
reference to depolarization apply when the excitation wave is developmg or being 
extmguished 
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Comments 

In the preceding pages we have described briefly certain curves 
obtamed by leading directly from the mammalian auricle, and have 
attempted to analyze these curves by applying the principles that 
govern the distnbution of electnc currents m volume conductors 
Our analysis involves certam simphfymg assumptions that are not 
stnctly m accord with the facts The equations and conclusions 
based upon these assumptions are, therefore, to be regarded os approxi 
matrons only 

We have attempted to develop a mathematical theory that would 
explam the observations relatmg to the distnbution of the action 
currents produced by exatable tissues immersed in or m contact with a 
large body of conductmg matenal made by ourselves and by others 
We have employed the language of the so called membrane theoiy and 
have founded the mathematical treatment of our problem upon its 
postulates It should be pomted out, however, that the distnbution 
of the electnc currents under consideration must be essentially the 
same regardless of the maimer of their ongin 

Perhaps this statement should be amplified by a few words of ct 
planation From the mathematical standpoint an electromotive 
force existing at a boundary may be represented by a polarized sur 
face If there is a difference of potential between the intenor and 
the extenor of a resting cell and this difference of potential decreases 
or disappears when the cell is activated, the electnc field will be the 
same whatever the mechanisms involved may be 

Where the electromotive force does not anse at a single boundary, 
but within a transitional zone which may be considered an infinite 
succession of boundanes, each marking an infinitesimal physico 
chemical change, the matter within this zone maj be regarded as 
electncally polarized The essential characteristic of the thcorj 
presented is that it defines the electnc field about a muscle fiber under 
going activation as equivalent to that which would be produced by 
polarization of those portions of the fiber that arc passing from the 
resting to the active state or vice versa It is required that the effee 
ti\e electnc forces shall be confined, or shall appear to be confined, 
within these regions, the mechanism of their production is unmatcnal 
It IS clear, so it seems to us, that this requirement must be met b> 
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any hypothesis that seeks to explain the origin of the action current 
The polarity of the electric forces associated with excitation and of 
those that accompany recovery is determmed by the relative positions 
of the active and restmg portions of the muscle fiber This is a plam 
mdication that no unbalanced electric forces exist except as a conse- 
quence of the presence of zones withm which excitation or recovery 
IS m progress These are the only portions of the fiber, so it would 
seem, withm which there is a gradient that can determme polanty 
A muscle fiber m the restmg state or m the same state of activity 
throughout its length can hardly produce an electric current when it is 
completely surrounded by a homogeneous medium In either case 
the boundaries that define the different phases responsible for the 
heterogeneous character of the tissue are completely closed, and any 
electric forces that exist at these boundaries must be m equilibrium 
There is nothmg m the situation to distmguish one end of the fiber 
from the other, no unbalanced polarity that can become evident 
external to the tissue 

The membrane theory has the important advantage that it explains 
the current of action and the current of injury on the same basis 
According to its postulates the effective electric forces responsible 
for the current that accompanies excitation do not actually arise 
withm the transitional zones referred to, but only appear to do so 
because of the disturbance withm these regions of a previously existmg 
equilibrium 

It must be borne m mmd that in writing the equations that define 
an electric field it has been assumed that the electric conductivity is 
uniform throughout all space, i e , that the medium, the membrane, 
and the mtenor of the cell have the same conductivity, and also that 
the conductivity of the membrane is not altered by depolarization 
It IS improbable that there is any tissue that meets these requirements, 
and these equations cannot be expected to be exact m a quantitative 
sense In the case of cardiac muscle they appear to represent actual 
conditions with sufficient accuracy to be useful, and it seems probable 
that they will hold reasonably well for skeletal muscle and possibly 
nerve 

The equations mentioned are also based upon the assumption that 
the medium is infimte The distnbution of the action current will, 
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however, be the same in all essential particulars, if the exatable tissue 
IS deeply embedded m any extensive medium 

SUMMARY 

The action currents produced by heart muscle and other tissues 
immersed m or m contact with a large body of conductmg material 
are distributed m accordance with the laws that govern the flow of 
electnc currents m volume conductors 
The curve obtamed when one electrode (the explormg electrode) 
IS placed very close to and the other (the mdifferent electrode) veiy 
far from the active tissue may be regarded as representmg the poten 
tial vanations of the explormg electrode alone, the potential of the 
mdifferent electrode is by comparison nearly constant 
Curves obtamed by this method of leading from the surface of the 
mammalian auricle indicate that the electncal effects produced by the 
passage of the exatation wave along a single muscle fiber are nearly 
the same as those that would occur if the crest of this wave were im 
mediately preceded by a source and followed by a sinh 
A study of the electnc field of a polarized membrane unmersed m a 
volume conductor shows that this conclusion may be denved on 
theoretical grounds from the membrane theory of Bemstem 

We wish to thank Dr H B Wilhams and Dr Kenneth Cole for a 
careful and cntical reading of the first draft of this article with par 
ticular reference to the mathematical processes and the physical and 
physiological pnnaples mvolved, and also for the v aluable suggestions 
that they have given us 
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1 

INTRODDCTION 

The following experiments were undertalen with the object of study 
ing the surface properties and ionization of adsorbed proteins m alco- 
hol water mixtures ‘ When the charge on the protem as measured 
by titration curves is compared with the surface charge on the ad 
sorbed protem as measured by the mobihties of protem covered 
quartz particles, there is obtamed mformation about the effect of the 
medium on the dissoaation of the protein, the orientation of polar 
groups, and the relationship between charge and electrophoretic mo 
bility 

Gelatin was used because it has been shown (1) that under the con 
ditions mamtamed here, mobilities of gelatin and of deaminized 
gelatin (both adsorbed onto quartz) arc m the same ratio as the re 
spective amounts of acid (base) bound This means that in aqueous 
media gelatin obeys the rule (1) that m solutions of the same ionic 
strength the electrophoretic mobility of the same protem at different 
hydrogen ion activities should be proportional to the number of hy 
drogen or hydroxyl ions bound by each molecule It should be noted 
that this rule can apply to the adsorbed gelatin only if the active 
(dissoaating) groups are free, that is oriented toward the liquid 
Further, the rule will apply only if the protem salt is equally disso- 
aated ov er the range of hj drogen ion activity considered 

t It has been shown that in general the mobflities of frcelj dispersed proteins 
are equal to the mohdities of particles coated with the same proteins 
457 
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The rule just stated results from the Debye-Henry approxunation 
(equation (8), reference (1)), 

Q = 6 m; f rm (kt + 1), (1) 

where Vm = electrophoretic mobility = /x/sec /volt/cm , r = radius, 

/4^e2 

Q = charge, i] = viscosity, « = /|/ s For a given molecule 

in a given medium this becomes Q = v„ {O' + C"), (equation (8a), 
reference (1)) But when the medium is altered (keeping the ionic 
strength constant), Q becomes a function of tj, and D This 
provides a test of the question whether m equation (1) the viscosity 
and the dielectric constant of the medium can be used to predict 
changes m Q Smce the medium was altered by the addition of ethyl 
alcohol it was not possible to vary the viscosity and the dielectnc 
constant mdependently, but the combmed effect was readily m- 
vestigated 

The mam part of the work was the study of the mobihties of gelatm 
m 35 per cent and m 60 per cent ethyl alcohol for companson with 
each other and with titration curves m like concentrations of alcohol 
In connection with this a shift of the isoelectnc pomt of gelatm m the 
presence of ethyl alcohol was found and this shift was studied But 
before any mobility measurements could be made it was necessary to 
study the change m electrophoretic velocity with change m field 
strength m alcohol solutions 


n 

Methods 

The pH measurements of solutions of alcohols other than ethyl alcohol were 
made with a hydrogen electrode referred to the pH of n/10 HCl as 1 07 The 
remammg pH measurements were made with a quinhydrone electrode This 
can be used for ethjd alcohol smce no reaction occurs between quinhydrone and 
alcohol-water, but a correction is necessary^ (2) The accuracy of the time meas- 
urements m electrophoresis obtamed here is such that the average deviation is 

^ The quinh 3 '^drone electrode was tested against a hydrogen electrode m a num- 
ber of ethjd alcohol solutions, the two agreed to better than 0 05 pH 

The titration of gelatm m alcohol was checked with the glass electrode The 
wnter is mdebted to Prof Hans Clarke for permission to use the facdities of his 
laboratory 
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usually less than 5 per cent Exceptions occur when verv low v eloaties are meas- 
ured either very near the top or the bottom of the cell or when a \eiy low voltage 
IS used All other errors were well withm these limits The temperatures at 
which the experiments were done were alwa>'3 recorded, but the \’anatlons from 
20® were not sulEcient to make worth while airrections for temperature, except 
of course m the pH determinations 

The mobihty measurements were made m the modified Northrop and Kumtz 
microelectrophoresis cell described by Abramson (3) The theor> of von Smolu 
chowski (4) was followed The field strength was foimd from the cross <^cUon of 
the ceD, the current flowing, and the conductivity of the solution as follows 


Current m amperes 

Sp conductance X cross section in cm.* 


volta/cm. 


X 


The suspensions were made up m the following order quartz, protem solution 
(m the case of gelatm suffiaent to make one part m a thousand), acid or bulTer, 
alcohol and water Cooper’s gelatm was used The expression ‘ per cent alcohol' 
IS used to mean ml of alcohol per 100 ml of solution The quartz used was a 
carefully purified suspension The gelatm solutions were made b> heating, but 
never abo\e approximatelj 40* (5), to get nd of the air bubbles formed on mixing 
alcohol with water, and then cooled to room temperature 
The dielectnc constants used are those gi\en by W>Tnan (6) for pure alcohol 
water mixtures, imcorrected for the salt and protem The solutions coniamed 
one part m a thousand of gelatm sinceSgm ofgclatmperlOOgm of mixture lower 
the dielectnc constant from 81 to 68 (7) the error here is neglipble 


ra 

Electrophoretic Velocity and Field Strength 
The characterization of particles by the measurement of mobilities 
depends on the experimental fact that electrophoretic \clocity is pro 
portional to the field strength Theoretically, the right hand side of 
the equation for the mobihty of a small particle (10), 



(where v = electrophoretic veloaty, f = electrokinetic potential, 
X = field strength), is constant when A is \ aned If this were not so 
e.Tpenmcn tally the mobility would have to be measured as a function 
of one or more vanables and the mterprctation would be greatly com 
plicated The Imear relationship has been found generally (11), with 
few exceptions 
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Recently, however, the results of Ettisch and Zwanzig (12) and of 
Martin and Gkirtner (13) have suggested that in alcoholic solutions 
f IS a function of the velocity, while Kohler (14) has found that in non- 
alcoholic solutions the volume outflow m electroosmosis is not pro- 
portional to the field strength Ettisch and Zwanzig studied stream- 
ing potentials They used very dilute sodium chloride solutions and 
found that with the pure solution i* was mdependent of pressure, but 
that m the presence of methyl alcohol f mcreased with mcreasing 
pressure For equal pressures and varying alcohol concentration f 
went through a mmimum Propyl alcohol at high concentrations 
even reversed f Kohler used a palmitic acid diaphragm and meas- 
ured the rate of outflow of electrolyte solutions under the influence of 
varying current In none of these cases is there any definite mde- 
pendent proof of lammar flow 

Traube and Whang (IS) and Traube and Dannenberg (16) showed 
that water flowing through a glass capillary coated with a polar sub- 
stance (such as a fatty acid) flowed much faster than through the 
uncoated tube, when the angle at which the tube was tipped was small 
(about 3°) , that is, when the pressure was low Also the outflow speed 
of water solutions of surface active substances such as alcohols was 
greater than for pure water flowing through the same capillary, but 
agam at a small angle only At a greater angle (under greater pres- 
sure) both effects disappeared 

Because of these recent suggestions that v/X may not always be 
constant and because of the flow anomalies (15) at low velocity gradi- 
ents, it was considered necessary to demonstrate that under our con- 
ditions vjX \% constant 

As can be seen from Figs 1 and 2, the field strength in these ex- 
periments with protem-covered® quartz particles m various alco- 
hol-water mixtures was varied from 2 to 20-fold It is definitely 
shown that for field strengths of the order of magnitude of those used in 
the experiment, the mobility of these proteins when adsorbed on 
quartz m these alcohols is not a function of the field strength 


® By suitable experiment it was demonstrated that ghadm is adsorbed by 
quartz, fonmng a complete film 
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sol 



Alcohol ♦ acclAlB 

Gelatin in 4 per cent butyl 

Gelatin in 8 pet* cent butyl 

Efig albumin m 1 per cent 
ethyl 

Glladin in iO percent ethyl 

Gelatin tn 4 per cent 
benzyl + 00 per cent ethyl 


Volta/a 


Fig 1 The electrophoretic velocities of quartz particles coated with \“anous 
proteins m various alcohols arc plotted against the field strength Tor each pro* 
tern in a given medium the veloaty is proponional to the field strength 



Volta /cm. 

Fic 2 The electrophoretic ^clocltlcs of gelatin-co\cred quartz particles in 
media containing various percentages of elh> 1 alcohol arc plotted against the field 
strength In each medium the veloaty is proportional to the field strength 
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Electrophoresis and Electroosniosis 

It has previously been found that inert particles covered with pro- 
teins have, in general, mobihties independent of the bulk radius of 
curvature of the particle (8) That is, the same electric mobdity is 
obtained in aqueous media whether the mert particle is microscopic 
m size or is very large That this is also true for protem surfaces m 
alcohols has been found here by studymg the ratio of electrophoretic 
to electroosmotic mobility Fig 3 is for gelatm surfaces m 40 per 



Fig 3 The relative velocities of gelatin-coated quartz particles in 40 per cent 
ethyl alcohol at different depths in the electrophoresis cell are plotted against 
depth m the cell The full line is the parabola y = — 30 i + 30 i x The 
fact that the points fall on a parabola going through the origin is evidence of the 
equahty of the electrophoretic and electroosmotic velocities 

cent ethyl alcohol Similar results were obtamed m several trials 
with ghadin The dotted hne is the curve on which the points should 
fall according to the theory of Debye (9), accordmg to which electro- 
phoretic and electroosmotic mobilities are not equal Evidently, 
however, the electrophoretic and electroosmotic mobilities are equal, 
and m the experiments to be discussed the size of the quartz particles 
used does not influence the mobihties obtamed 
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Elecirtc Mohhhcs of Gelaitn tit Akolwl-Watcr Mixtures 

Fig 4 shows the mobihties of gelatin coated quartz particles in 
N/ISO sodium acetate bufier m 0 per cent, 35 per cent, and 60 per cent 
ethyl alcohol It is clear that alcohol shifts the isoelectnc point of the 
gelatin toward smaller hydrogen ion activities It is also obvious 
that alcohol lowers very greatly the maximum mobihties This lower 
mg combined with the shift m isoelectnc pomt causes the curves to 
mtersect 



Fig 4 The electrophoretic raobihty of gelatin’COicred quartz particles is 
plotted against the pH of the medium for media containing different percentages 
of ethyl alcohol In the more nad regions NaCl HCl mutures were used m 
place of the acetate buffers 

The lowcrmg of the mobilities by alcohol is not a simple phe- 
nomenon Alcohol changes both the dielectric constant and the \ns 
cosity of the medium and may also be expected to alter the clectro- 
hmetic potential Accordmg to equation (2) each of these three 
changes will alter the mobilities 

Further corrections for these changes are not entirely straightfor 
ward The question has frequently been raised (17) whether the diclcc 
tnc constant and viscosity of the medium or the quite different values 
which might be expected to obtain within the double layer should be 
substituted in equation (2) Here values for the medium m bulk will 
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MoMilies and Ttlraiton Curves 

Before proceeding to a companson of titration and mobility curves 
m solutions of different dielectric constant, the rule following from 
equation (1) was tested m 35 per cent alcohol and agam tested in 60 
per cent alcohol If ij, r, and k are constant it follows from equation 
(1) that Q oc i)„ and also that Q <o corrected mobihty In any one 
concentration of alcohol and at constant ionic strength ij, r (19), and 



Flo 5 The circles represent the corrected mobihty (as this is defined m the 
test) of gelatin-covered quartz particles in 3S per cent ethyl alcohol from pH 2 S to 
pH 6 00 The full hne is the titration curve of gelatin m 35 per cent alcohol. 
The arrangement of the scale of the titration curve is esplamcd m the test 

K Will be constant Since on the assumptions (I) underlying the rule 
given in Section I, Q is the number of hydrogen or hydroxyl ions 
bound by a molecule, Q is proportional to the mols of aad (base) bound 
by a gram of gelatm and is represented by the titration curve Thus 
acid bound and corrected mobility will be proportional to one another 
if the rule is obeyed 

The titration curves were constructed on the assumption that no 
acid or base is bound at the isoelectnc pomt Fig 5 shows v„ ij/ij, 
m 35 per cent alcohol plotted with the titration curve m 35 per cent 
alcohol in such a way that the two curves comcide at two pomts 
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That IS, the scales are arranged so that the two curves correspond at 
pH 4 30 as well as at the isoelectnc pomt Fig 6 shows ijfrja 
and titration curve in 60 per cent alcohol similarly arranged with pH 
2 94 chosen for correspondence Figs 5 and 6 show that m each 
medium considered separately the mobility is proportional to the com- 
bmmg power, and hence presumably to the charge, m 60 per cent 
alcohol and up to pH 4 0 m35 per cent The discrepancy of about 30 
per cent m the very acid region m 35 per cent alcohol may be due to 
the fact that the mobdities were determmed in solutions of constant, 
the titration curves of varymg, ionic strength As a result of the as- 



Fig 6 The circles represent the corrected mobihty (as this is defined in the text) 
of gelatin-covered quartz particles m 60 per cent ethyl alcohol The full line is 
the titration curve of gelatin m 60 per cent ethyl alcohol The arrangement of 
the scale of the titration curve is explamed m the text 

sumptions underlymg the rule given m Section I the proportionality 
makes it possible to conclude that m alcohol-water mixtures as weU as 
m the previously mvestigated water solutions gelatm is adsorbed with 
the polar groups onented toward the hquid It is mterestmg that in 
60 per cent alcohol the portions of both the mobihty and the titration 
curx’^es which he near the isoelectnc pomt were determined with partly 
or completely preapitated gelatm, yet both curves are smooth 
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hlcclnc Mohthiy, Ttlralion Citne, and Charge 

By comparing the mobilities m the different media (differmg in 
dielectnc constant and viscosity) it is possible to test to some extent 
the apphcabdity of the viscosity and the dielectnc constant of the 
bulk of the medium to the electrophoresis equation for charge, equa 
tion (1) The simplest means of doing this is to calculate charge from 
mobility by means of equation (1), usmg the viscosity and dielectric 
constant of the bulk of the medium If now the aad bound (measured 
directly), which on the assumptions referred to above is proportional 
to the charge on the protein, is, m different media, in the same ratio 
as the charge calculated from the mobility by equation (1), then 
withm the limits of the experimental error equation (1) may be used 
to predict changes m charge, usmg the viscosity and dielectnc con 
stant of the bulk of the medium 

In the calculation of the charge from equation (1) certain compbca 
tions arise The use of the factor 6ir m equation (2) is based on the 
fact that the mobilities of certam dispersed proteins and of protein 
coveted particles have been found to be equal (17) Under these ar 
cumstances the radius to be used will be not that of the quarUs par- 
ticle but that of the protein molecule Tor gelatin 2 X 10"’ cm was 
used, from the molecular weight (20) Howexcr, had 1 X 10"’ cm 
or 3 X 10"’ cm been used, the final conclusions would not have been 
noticeably different, although the absolute values of the charges would 
have been altogether different 

Fig 7 shows the agreement between Q from equation (1) and titra 
tion curves in the middle pH region for 0 per cent alcohol and 35 per 
cent This graph was made by drawing the 0 per cent alcohol titra 
tion curve and charge points to scales which made them comcide and 
then drawing the 35 per cent titration curve and charge points to the 
same scales All the charge pomts calculated from mobilities de 
termmed in acetate buffer fall very well onto the titration curve The 
charge pomts calculated from mobilities dctennined m NaCl HCl do 
not agree so well The first of these pomts is shown in Tig 7 This 
point indicates the general divergence from theory That there should 
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be irregularities connected mth the change from acetate buffer to a 
NaCl-HCl mixture is not surprising, since the ionic type as well as 
the valence does exert an influence (21) 

For the more aad regions of the 35 per cent curve, as just pointed 
out, and for the 60 per cent curve, the agreement is less complete 
(Fig 8). Because of shght disagreement between theory and experi- 
ment except under optimal conditions with 35 per cent alcohol and 
acetate buffers (Fig 7), all of the data for acetate buffers and NaCl- 
HCl mixtures from pH 2 to pH 7 have been plotted as m Fig 8, 



Fig 7 The full circles show the charge of gelatin calculated from the mobihty 
of gelatin-covered quartz particles m acetate buffer The open circles show the 
charge calculated from the mobihty m acetate buffer and 35 per cent ethyl alcohol 
The hnes are titration curves of gelatm m 0 per cent and m 35 per cent ethyl alco- 
hol The figure is limited to a range fairly close to the isoelectnc pomt 

titration curves m the upper half, mobihty curves m the lower The 
titration curves of gelatm m 0 per cent and 35 per cent alcohol have 
been compared from pH 2 to pH 10 The curves are very much of 
the same shape, the isoelectnc pomt being shifted to a higher pH, the 
curves convergmg at the limi ts Gelatm, therefore, becomes a weaker 
aad in alcohol 

The disagreement in the more aad region of the 35 per cent charge 
and titration curves when plotted to the same scales as the 0 per cent 
curves is probably due to several causes First is the previously men- 



JANET DANIEL 


469 


tioned shift from acetate buffer to NaCl HCl solution Second is the 
fact that smce the mutual action of the ions may be greater in the aad 
range, it is hkely to be even more so m alcohol in the aad range This 
would lead to the charge calculated from the mobdities being in the 
very acid region too low for the titration curve arranged as previously 
evplained, and this seems to be the case 



and 60 per cent ethyl alcohol the circles being cjpenmental points. 

Dehydration by the alcohol probably affecU chieffy the results in 60 
per cent alcohol (22-24) This conclusion is consistent with the fact 
that going from 0 per cent alcohol to 35 per cent, aad bound and charge 
calculated from mobility are proportional, while the proportionality 
does not extent to the gelatin in 60 per cent alcohol 
However, the agreement with theory in the case of the change from 
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0 per cent to 35 per cent alcohol pomts to the complete lomzation of 
the protein salt m alcohohc solutions in the neighborhood of the 
isoelectric pomt (smce it is completely ionized in aqueous solutions), 
and to the apphcabihty of the ordinary dielectric constant and vis- 
cosity, and the usefulness of the Debye-Henry equation, in the predic- 
tion of changes of charge 


vm 

Isoelectric Point 

The isoelectric pomt of the gelatin-covered particles was taken by 
mterpolation from the smoothed pH mobihty curves or deterimned 
from experiments arranged to show no motion m the electric field 
In the presence of alcohol the isoelectnc pomt of particles covered 
with gelatin films was found to be shifted toward smaller hydrogen 
ion activities as shown m Fig 9 The shift is related apparently 
hnearly to the volumes per cent of alcohol m the solution and also 
Imearly to the dielectric constant (neglectmg the salt) of the solution 
The form of the relationship wiU be discussed later The direction 
and order of magnitude of the shift must first be accounted for 

Michaehs and hlizutam (25) measured the pH of a very dilute mix- 
ture of equivalent amounts of ammo acid and the sodium salt of the 
ammo aad m alcohol solution (at vanous concentrations of alcohol) 
The hydrogen ion activity (referred to the normal hydrogen electrode 
in pure water and neglecting hquid junction potentials) of this solution 
the}' called h The constant similarly measured m acid solution they 
called ki Makmg the assumption that the ratio of the activity coef- 
ficients of the protem anion and cation remains constant for any one 
concentration of alcohol, it follows that the hydrogen ion activity of 
the isoelectnc point is ko Then, 

pH of the isoelectnc point = — 1/2 log k\kt = 1/2 pJi + 1/2 pi., 

and 

A pH of the isoelectnc pomt in going from one alcohol concentration to another = 

1/2 A pf-i + 1/2 A pits 

Of course gelatin is not monobasic monoacidic, nor are its first acidic 
and basic constants exactly equal to those of glycocoU Nevertheless 
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since Michaebs and his cowoihers found the effects of alcohol on van- 
ous organic acids to be much the same, it is possible to estimate from 



Volumes pcc* cent ethyl £dcohol 



Fic 9 Above the change m pH of the isoclcctnc point of gelatin caused b> 
cth> 1 alcohol is plotted against the volumes per cent alcohol m the solution Jle 
low the same data are replotted as change in pTI of the isoclcctnc point against 
dielectnc constant of the solution 

the glycocoll results at least the direction and order of magnitude of 
the change to be expected in the case of gelatin 

A pH « 1/2 A pii + 1/2 A p-^i « (for gI>xocoll going from 0 per cent to OO per cent 
alcohol) 0 4** 
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This IS in the same direction and is of the same order of magnitude as 
the shift of 1 1 found experimentally for gelatin Using the values for 
para-aminobenzoic acid 

A pH (from 4 per cent to 60 per cent) = 0 93 

The form of the shift, which is linear with the dielectric constant, 
IS interesting Abramson^ has found that if the isoelectric pomts m 
alcohol solutions are calculated from the dissociation constants ob- 
tained by Michaehs and Mizutam for a number of ammo acids, the 
isoelectric point is m each case linearly related by a limiting law to the 
dielectric constant of the medium (if the salt is neglected) This is 
true both for glycocoll and for the aminobenzoic acids The fact that 
similar changes are produced by alcohol for gelatin and for simple 
ampholytes is in harmony with our present notions of the simple am- 
photenc behavior of proteins 


SUMMARY 

1 The electrophoretic velocities of gelatin-, egg-albumin-, and gha- 
din-covered quartz particles in various alcohol-water solutions are, 
within the limits employed in usual experimental procedures, propor- 
tional to the field strength 

2 The electrophoretic mobihties of small, irregularly shaped quartz 
particles covered with an adsorbed film of protein m alcohol-water 
solutions are equal to the electroosmotic mobilities of the hquid past 
similarly coated flat surfaces Hence the size and shape of such par- 
ticles does not influence their mobilities, which depend entirely on the 
protein film 

3 The corrected mobility and hence presumably the charge of gela- 
tin-covered quartz particles in solutions contaimng 35 per cent ethyl 
alcohol is proportional to the combining power of the gelatin, therefore 
the gelatin is adsorbed with the active groups onented toward the 
hquid The same is true in 60 per cent alcohol 

4 The charge calculated by means of the Debye-Henry approxima- 
tion from the mobility of gelatin m solutions containing up to 35 per 
cent ethyl alcohol is, in the neighborhood of the isoelectric point, pro- 


* Work not >et published 
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portional to the combining power of the gelatin Therefore the dielec 
tnc constant and the viscosity of the bulk of the medium may be used 
in the Debye Henry approximation 

Q = 6irtirii, (l+itr) 

to predict changes m charge from mobility 

5 In the neighborhood of the isoelectric point gelatm is probably 
completely ionized m buffered ethyl alcohol water muxtures up to 60 
per cent alcohol 

6 In the presence of ethyl alcohol the isoelectric pomt of gelatm is 
shifted toward smaller hydrogen ion activities This shift, like that 
caused by alcohol in the isoelectnc pomts of certam ammo acids, is 
approximately hnearly related to the dielectnc constant of the medium 

The writer is greatly mdebted to Dr Harold A. Abramson, who 
suggested this work and under whose direction it was earned out 
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ON THE RATE OF OXYGEN CONSUMPTION BY 
FERTILIZED AND UNFERTILIZED EGGS 
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{From the Laboratory of General Physiology^ Uarvard Umversttyf Cambridge^ the 
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(Accepted for publication, September 13, 1932) 

In three earlier papers (18~20) measurements have been given of 
the rate of ovygen consumphon by the fertilized and unfertilized 
eggs of the brown alga Fucus vestailosus, the clam Ciimtngta leUmoides, 
and the polychaete worm Ncrets Imbaia This paper presents the 
results of similar although more extensive measurements on the eggs 
of the annelid Cliacloptcrus, and measurements on the eggs of the sea 
urchin Arbacta punctulata The measurements on these several forms 
have all been made m absolute units, as a function of the volume of 
(wet) eggs, and a comparison of the rates on the same absolute scale 
shows some order and correlation between the changes in rate which 
separately appear wholly diverse The comparative relations can 
best be considered after the results of the measurements on Chactop 
terns and Arbacta have been given, and they are discussed in Paper 
V (21) 

The eggs of the Chaetopterus are a little more than 100 microns in diameter 
They are obtainable m abundance in good seasons, such as durmg the months of 
July and August 1930, when these measurements were made at Woods Hole. 
Enough eggs were obtamed from one female for a complete erpenment with con 
trols Warburg manometers were used Of the species menUoned above, the 
Chaetopterus eggs are preemmently the most suited to manometric measurements. 
They withstand shalang to on exceptional degree, with comparatively httlc effect 
on the rate of oxygen consumpUon the fertilization or the development The 


* National Re carch Council Fellow m the Biological Sciences when most of 
this work was earned out 
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eggs are enclosed m a tough outer membrane which hfts at fertilization to become 
the fertilization membrane, as may be demonstrated with the microdissection 
needle The presence of this tough membrane on the unfertilized egg is no doubt 
partly responsible for the resistance of the egg to damage from shaLmg The 
eggs of Nereis and Cumingta also have tough protectmg membranes and they too 
are comparatively constant m their metabohe rates and other activities durmg 
the course of prolonged shakmg The relatively naked unfertilized eggs of Puais 
and Arhacia on the other hand are so susceptible to too rapid shakmg, which 
causes an mcrease m the respuratory rate and then cytolysis, that results are more 
variable It is difficult to avoid depression of the rate of respiration by CO 2 re- 
tamed m the medium if the rate of shakmg is too greatly reduced in order to avoid 
damage to these eggs, while on the other hand an erroneously high measure results 
if the rate of shakmg is so fast as to damage the eggs, and this is the error which is 
most apt to occur unless care is taken 

The proper rate of shakmg of the manometers is a complex function when limi- 
tations are imposed by dehcacy of the biological material The rate must 
be rapid enough to mamtam gas equihbrium between the sea water and the gas 
space m the vessel and will therefore depend both on the concentration of eggs 
and upon their absolute rate of respiration Prehmmary experiments were made 
with Chaelopicrus eggs, usmg the results of previous work already done on Fiicus 
as a startmg pomt, to detenmne the best rate of shakmg with the vessels employed 
This was followed by a biological check First, the least approximate concentra- 
tion of eggs was determmed which would consume enough oxygen m a short time 
to shift the manometer fluid well beyond the limits of the reading error With 
approximately this concentration of eggs as a workmg basis, the absolute rate of 
oxj'gen consumption per imit volume of eggs was measured with changes m the 
rate of shakmg The condition of the eggs after prolonged shakmg at various 
rates was observed and samples were msemmated The rate of oxygen consump- 
tion was the most sensitive of these factors to the rate of shakmg With the par- 
ticular vessels employed, and with an amphtude of 7 5 cm , it was found that thirty 
roimd trip shakes per mmute or less gave a reduced rate of respiration compared 
■mth higher shaking rates, and further, a rate which steadily declmed as consecu- 
tive measurements vere made With from thirty-six to forty-eight shakes per 
mmute however the absolute rate was the same, and neither mcreased nor de- 
creased when consecutive measurements w'ere made for as long as 8 hours It 
seemed safe then to assume that forty-eight round trip shakes per mmute was 
rapid enough to avoid suppression, and further it did not damage the eggs in re- 
spect to an\ feature affectmg respirator>' rate, smee this rate did not change with 
prolonged shakmg (Table I) Unfertilized eggs shaken steadily at this rate for 8 
hours repeatedli fertilized m the same proportion as fresh controls at the start of 
the experiment, often 95-100 per cent fertilization Fertilized eggs shaken for 
8 hours de\ eloped as unifonnlv and at the same rate as unshaken controls m 
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covered finger bowls In aU experiments the shaking was more than adequate to 
keep the eggs uniformly distnbuted throughout the medium 

For special purposes it was sometimes advisable to mcrease the concentration of 
eggs, e g m order to take more frequent readings with measurable consumptions 
of oxygen In general an mcrease in concentration of eggs requires a greater rate 
of shaking unless there is already a good margm Most of the measurements were 
made with egg concentrations ranging from I part m 25 to 1 part m 100 b> volume 
of sea water Throughout this range forty-eight shakes per minute gave similar 
absolute measurements of rate. At this rate of shakmg howev er 1 part of eggs in 
5 of sea water yielded a measure which was approximately half the standard 
absolute rate and 1 part m 8 about 65 per cent These low rates also contmued 
to drift lower with tune, mdicatmg that gas cquihbnum was not bemg mamtamed 


TABLE I 

Consecuitve Hourly Me^urements of the Rate of Oxygen Consumplton by Unjeriiltud 
Chaelopierus Eggs tn an 8 Hour Run A Typical Good Experiment 


Hoot 

Rite (mm.* 0* per Itonr per lO mm * 

1 

2 4 

2 

2 5 

3 

2 S 

4 

2 4 

5 

2 4 

6 

2 4 

7 

2 3 

8 

2 4 


even at this fairly rapid rate of shaking, which was entirely adequate for lesser 
egg concentrations One of the reasons for av'oidmg high concentrations of eggs 
IS that they require high rate of shakmg which damages the eggs 

The measurements were made m a thermostat at 21®C ± 0 05 Four Warburg 
manometers with rectangular \ essels were used m each cxpenmenL These were 
designed to hold a large fluid volume compared with the gas volume m order to 
mcrease sensitivity of measurement and make it possible to use comparative!) 
dflute egg concentrations These vessels were approximately 40 mm long 15 
mm, wide and II mm high inside dimensions, with wells for KOH and bulbs on 
the side to hold sperm suspensions or KOH The manometer capfllancs 
were small 0 6 mm m diameter to lessen the gas v olume, and espcciall) that part 
of It outside the thermostat and therefore not subject to temperature controk In 
the four vessels the total working V olumes were 8 62 8 95 8 96 and 9 01 cc. In 
the experiments either 2 cc- or usually 4 ca of sea water or egg suspension were 
placed in the vessels giving m the latter case a fluid gas volume ratio of about 
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4 5 This iBcreased the sensitivity of measurement to about five times that of 
some of the standard conical types of vessels In the rectangular vessel it is pos- 
sible to mcrease the depth of fluid without decreasmg the area of gas contact as m 
the conical vessel The depth of flmd was approximately 3 5 mm when the ves- 
sels contamed 2 cc , and twice as deep when the vessels contamed 4 cc 

In the typical experiment, one vessel contamed sea water and served as a 
barometric control, two contamed unfertilized eggs, and the fourth contamed sea 
water to which sperm were added m the same amount and at the same time that 
one of the egg contarmng vessels was msemmated Just prior to the addition of 
sperm suspension a like volume of water was withdrawn m order to keep the vol- 
ume of solution constant This fourth vessel served as a control for the respiration 
of the spermatozoa In all cases this was found to be neghgible, te ,oi the order 
of the limits of measurement or less Each of the vessels contained 0 2 or 0 4 cc 

5 per cent KOH solution m the well or bulb to absorb CO 2 After measurements 
had been made of the respiratory rate of the unfertilized eggs, taken consecutively 
every 10, 15, or 20 minutes for more than an hour, or until a series of concordant 
values had been obtamed, one of the vessels was msemmated The other egg- 
contammg vessel served as an unfertilized control In a number of cases this im- 
fertilized control was also msemmated later, so that it came to be a second measure- 
ment, but with any errors due to environmental variables shifted to a different time 
penod after msemmation compared with the first vessel msemmated 

The pH of the Medttim 

The 5 per cent KOH solution m the well absorbs CO 2 from the gas space, and 
therefore tends to shift the buffer system m the alkahne direction Some time 
before the measurements on the Chaclopterns eggs were made a few blank runs 
were made with sea water and with tap water m conical vessels with mdicator dyes 
In both a slow but steady alkahne shift occurred In the sea water the pH de- 
terminations were only approximate as there was a salt error After an hour of 
shakmg the pH of the sea water was between 8 4 and 8 6 After 2^ hours it 
had become about 8 8, after 4 hours about 9 or 9 2 After 4 hours shakmg was 
stopped but the vessels remamed unopened overnight and the next day after a 
total of 23 hours, it was of the order of 9 8 In another sunilar experiment after 
a total of 20 hours it was about 9 5 

It IS obvious honever that with tissues m the medium which are producmg CO 2 
the alkalme drift will be retarded if not completely neutralized or reversed It 
will not be re\ ersed, if the shakmg mamtams gas equihbrium, so long as the KOH 
solution IS imsaturated and has adequate surface exposure For reasons already 
considered it seems safe to assume that suppressmg acidity was avoided by em- 
pincally findmg the adequate rate of shakmg for the concentration of eggs used 
Man} of mj measurements lasted only about 2 hours, and m these had there been 
no compensator} CO 2 production whatsoever the pH might have been raised to 
around 8 7 or 8 8, and m the 8 hour experiments to above 9 It is well established 
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that alkalinity tends to increase respiratory rate, although the eCfect is not great 
until pH 9 5 or 10 IS approached. In fact, however, due to egg production of COj 
this alkaline drift must have been considerably retarded It is hardl> to be 
supposed that the compensation was exact so that no change of pH took place, 
although the compensation was probably quite dose It would be possible bj 
special means, to keep exact measurement of the pH during an experiment, but 
this seems not ver> necessary in view of the biological check which exists. Smee 
repeated consecutive measurements for 8 hours (the longest runs made) on unfer 
tilized eggs which have a high rale of respiration, showed constant respiratory 
rate it appears that under the conditions pH change was not great enough m 
either direction to change the respiratory rate roeasurabl> Neither was it great 
enough to alter the fertihzabilitj or the development of the eggs 

Preparatton of the Eggs 

A large fresh female ChaciopUrm was placed m a finger bowl of sea water and 
the tip of each parapodium was cut off with a pair of scissors More than | cc. 
of eggs then exuded into the sea water The female was removed and debns was 
taken out with forceps A certam amount of mucous remamed with the eggs but 
this was removed by at least three thorough washmgs of the eggs, the sea water 
being pipetted oS after the eggs had settled to the bottom Care was taken not to 
remove so much sea water as to compress the eggs on the bottom Pounng the 
water off was also avoided for the same reason This washing process took about 
an hour In no case were eggs used which had not been m sea water for an hour 
These eggs are immature when shed but as soon as they come into sea water mat 
uration processes proceed to the metaphasc of the first polar spmdle The eggs 
rest in this stage mdefinitely imtd fertilized. At 20°C this process has been com 
pletedm about 15 minutes Tor at least 8 hours after this the unfertilucd eggs arc 
uniform with respect to respiratory rate and developmental potentiahties 

Pcrhltzing the Eggs 

The eggs were fertilized m the manner described m the second paper of this 
senes (19) It was found that spermatozoa in a shallow drop even if concentrated, 
do not relam high fcrtUizmg power verj long when kept in the bulb of the vessel, m 
a COrfree atmosphere * In most cases therefore the spermatozoa were either 
added directly to the opened \ cssel, after prcfertiliation measurements had been 
made on the eggs or else placed m the bulb only about 10 mmutes before inscmina 
tion In the former case no measurement was obtamablc covering the first 10 or 
15 minutes after fertilization, whereas m the latter case measurement Vi-as made 
covering thepenod beginning at insemination 


^ Compare Cohn (1) for possible explanation 
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RESULTS 

Following Warburg (16) when KOH is used to absorb CO 2 



where a, = mm ® O 2 consumed, h = change m pressure (observed) in 
millimeters manometer fluid (Brodie’s fluid) at constant volume, Vg 
= volume in mm ® of the gas space from the sea water to the manom- 
eter meniscus, F/ = fluid volume m mm a = solubihty coefficient 
of O 2 m sea water (Bunsen s coefficient) Fo = standard pressure in 
millimeters of manometer fluid (10,000 mm Brodie’s fluid = 760 
mm Hg) The results are therefore expressed in mm ^ O 2 at standard 
temperature and pressure, but corrections were not made for devia- 
tions from 760 mm Hg of the actual barometnc pressure in the labora- 
tory 

Twenty-two separate measurements were made of the absolute rate 
of oxygen consumption by unfertilized eggs The volume of eggs 
which had been used in a vessel was determined by centrifuging in a 
cahbrated vaccine tube in which volume could be read to 1 mm ® 
The eggs were centnfuged until no decrease in volume resulted from 
further centrifuging Exammation showed that the eggs were dis- 
torted enough to pack tightly, but there was no doubt some space 
between the eggs so that the volumes read (and used without correc- 
tion) are slightly too great Each value listed m Table II as from an 
independent measurement is the average of consecutive readings 
taken 5, 10, 15, 20, or 30 minutes apart for a total of between 40 and 
65 rmnutes The great majonty are for 1 hour The values are ex- 
pressed in mm ® O 2 per hour per 10 mm ® eggs The column (Table 
H) headed “additional measurements” represents values obtained 
from additional hourly measurements, after the 1st hour, upon the 
same eggs which are represented in the first column The average 
value for the twenty-two independent measurements for the 1st 

- The value of a, the solubihty coeffiaent of oxj^gen in sea water in parts per 
part, was calculated from Fox’s (2) formula and tables, and from Page’s (9) data 
on the sahnitj" of Woods Hole sea ^later At 21°C the value of a is 0 02S At 
IST It IS 0 027 
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hour IS 2 43 mm • Oj per hour per 10 mm • eggs, vnth a probable error 
of ±0 13, while the average for the twenty-one additional measure 
ments is 2 41 The very close agreement between these two groups is 
mdicative of the reproduabihty of the measurements on Chaetoplerus 

TABtE n 


The Rale cf Oxygen Consumption hy Unferlih ed Chaeloplerus Eggs 


ladependeat 

pcasmenienU 

Mm.* Oi per hour per 

10 ma.' ecp 

Additional measurements 
of opproiuiuteljr 

1 boor each 

Mm * Oi per hour per 
lO mm eces 

1 

2 0 

1 

2 5 

2 

2 5 

2 

2 5 

3 

2 5 

3 

I 9 

4 

2 0 

4 

2 4 

5 

2 4 

5 

2 2 

6 

2 6 

6 

2 2 

7 

2 6 

7 

2 8 

8 

2 7 

8 

2 5 

9 

2 5 

9 

2 S 

10 

2 6 

10 

2 5 

11 

2 5 

11 

2 5 

12 

2 4 

12 

2 S 

13 

2 6 

13 

2 7 

14 

2 S 

14 

2 4 

15 

2 1 

15 

2 1 

16 

2 5 

16 

2 5 

17 

2 4 

17 

2 4 

18 

2 2 I 

18 

2 4 

19 

2 5 

19 

2 4 

20 

2 4 ' 

20 

2 4 

21 

2 4 

21 

2 3 

22 

2 5 1 



A%mge. 

2 43 p E 0 13 1 

A\eragt. 

2 41,r E 0135 

0\ er all erage (forty three measurements) 

242, PE. 013 

temp 21 C ± 05 


eggs, and further evidence of the lack of change in respiratory rate 
with longer shaking The over all average rate, forty three cases, is 
2 42 ± 0 13 (p E )’ mm • Oi per hour per 10 mm ’ eggs 

* The compulation of the probable error invoUcs the assumpUon that the m 
dividual measures ore scattered at random about the true S’alue, i e that there is 
no consistent or directed error 
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RESULTS 


Following Warburg (16) when KOH is used to absorb CO 2 


» = A 



+ VfU 


Po 


where x = mm ® O 2 consumed, It — change in pressure (observed) in 
millimeters manometer fluid (Brodie’s fluid) at constant volume, Vg 
— volume m mm ® of the gas space from the sea water to the manom- 
eter meniscus, Vi — flmd volume in mm®, a = solubihty coefficient 
of O 2 m sea water (Bunsen s coefficient ) Po — standard pressure in 
mflluneters of manometer fluid (10,000 mm Brodie’s fluid = 760 
mm Hg) The results are therefore expressed in mm ® O 2 at standard 
temperature and pressure, but corrections were not made for devia- 
tions from 760 mm Hg of the actual barometric pressure in the labora- 
tory 

Twenty-two separate measurements were made of the absolute rate 
of oxygen consumption by unfertilized eggs The volume of eggs 
which had been used m a vessel was determined by centrifuging in a 
cahbrated vaccme tube m which volume could be read to 1 mm ® 
The eggs were centrifuged until no decrease m volume resulted from 
further centnfugmg Exammation showed that the eggs were dis- 
torted enough to pack tightly, but there was no doubt some space 
between the eggs so that the volumes read (and used without correc- 
tion) are shghtly too great Each value listed m Table II as from an 
mdependent measurement is the average of consecutive readings 
taken 5, 10, 15, 20, or 30 minutes apart for a total of between 40 and 
65 minutes The great majonty are for 1 hour The values are ex- 
pressed in mm ® O 2 per hour per 10 mm ® eggs The column (Table 
n) headed “additional measurements” represents values obtained 
from additional hourly measurements, after the 1st hour, upon the 
same eggs which are represented m the first column The average 
value for the twenty-two independent measurements for the 1st 

- The value of a, the solubiht> coefficient of oxygen in sea water in parts per 
part, was calculated from Fov’s (2) formula and tables, and from Page’s (9) data 
on the salmity of Woods Hole sea water At 21°C the value of a is 0 025 At 
18X It IS 0027 
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In the first 5 or 10 rmnute penod following insemination the eggs were 
found to respire at practically the same rate as m the second 5 or 10 
minute interval, or at a very slightly lower rate (See Experiment 5, 


TABLE m 


Choilopterus The Raic of Oxygen Consumpttm hy FeritU ed Eggs Expressed as a 
Percentage of the Prejerhhzaiton Rate of the Same Sample of Eggs 


Ezpmmeot 

PostfettOmtiOQ time 
interv&l covered 

AvertK nte ts perce&t 
esc oT prcXertiUttd nte 

pCTCttttige fertHiied 


mlfi. 

p<t e*nt 

prr emi 

1 

10-60 

67 

25 

2 

0-60 

56 

90 -*- 

3 

10-30 

SO 

90 

4 

0-60 

66 

75 - 

5 

0-7 

51 

100 

5 

0-60 

54 

100 

6 

o-so 

52 

99 

7 

0-60 

51 

99 * 

8 

15-60 

83 

40 

9 

i 0-60 

58 

99 

10 

i 0 h 50 

67 

75-85 

11 

0-60 

59 

90 * 

12 

0-60 

M 

90 

13 

0-60 

51 

99 - 

14 

10-60 

59 

75 

15 

10-60 

54 

99 

16 

15-60 

1 ^ 

40 * 

17 

15-60 

70 

40 

18 

10-60 

55 

95 * 

19 

10-60 

86 

30-40 

20 

10-60 

66 

? 

21 

10-60 

59 

? 

22 

15-60 

69 

40-50 

23 

j 15-60 

42 

50 


Average 6 expenments with 99-100 per cent fertilization 53 3 per cent 
Average 5 expenments with 90-95 per cent fertilization 54 8 per cent 
Average 11 experiments with 90-100 per cent fertilization 54 0 per cent 
All other cases confirm drop in respiratory rate following fertilization 

Table m ) It therefore appears that the drop m rate at fertilization 
takes place very suddenl> With my apparatus it vas not possible 
to make accurate readings at intcr\als more frequent than every 5 
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The change in rate of oxygen consumption after fertihzation has 
been calculated as a percentage of the prefertilization rate of the same 
sample of eggs The prefertilization rate was measured for from 40 
mmutes to 1| hour before the eggs were mseminated As is seen in 
Fig 1, the rate during the 1st hour after fertilization rises only slightly 
For convenience, the average rate for the 1st hour after fertilization, 
or that part of it measured, has been arbitrarily chosen for comparison 
with the prefertihzation rate, and Table III shows the results of 
twenty-two such compansons, with the rate of the fertilized eggs ex- 
pressed as a percentage The part of the 1st postfertdization hour 
measured is indicated, and also the percentage fertilization In deter- 
mining the percentage fertilization counts were made on at least 200 
eggs There is some room for error, however, especially in cases of 
low percentage fertilization, as it is at least possible that some eggs 
might be partially activated enough to undergo a respiratory change 
without givmg morphological evidence of fertilization I am led to 
suspect this in a few cases, such as the first experiment m Table III, 
where the respiratory change is greater than the observed percentage 
fertilization should bnng about The converse error does not exist 
When 95 or 100 per cent of the eggs are unquestionably fertilized, the 
remainder represent so small a part of the whole, that it would make 
little difference if some of them were partially activated It is much 
safer therefore to draw conclusions from Table III from those cases in 
which the percentage fertilization is high It wdl be seen that the 
average for the 1st hour after fertilization is 53 3 per cent of the pre- 
fertdization rate m the six cases m which the percentage fertilization is 
99 per cent or better For the ten cases in which the percentage fer- 
tilization IS 90 per cent or better, the average rate for the 1st hour is 
54 per cent of the prefertilization rate It seems safe to conclude that 
the true rate, assummg 100 per cent fertilization, is very close to 53 
per cent It is also seen that the eleven cases in which the percent- 
age fertihzation is less than 90 per cent, although they are of less value 
for absolute purposes, entirely bear out the results of the cases with 
high percentage fertilization Without exception the rate of oxygen 
consumption drops following fertilization 
In ten experiments a measurement was made beginning immediately 
after insemmation The shortest interval so covered was 5 minutes 
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In the first S or 10 minute penod foUowmg insemmation the eggs were 
found to respue at practically the same rate as m the second 5 or 10 
mmute interval, or at a very slightly lower rate (See Experunent 5, 


TABLE in 


Ckaelopicrus The Rale of Oxygen Consumption by Ferlih ed Eggs Expressed os a 
Percentage of the Prefcrtai^ion Rale of the Same Sample of Eggs 


Expalment 

FostfertiliaUon time 
interval covered 

AvenRerate es percent 
esc 01 prefertdiad Tate 

Percenttre fertOieed 


ffl ft. 

p<r ctiti 

ftr emt 

1 

10-60 

67 

25 

2 

0-60 

56 

90-^ 

3 

10-30 

50 

90 

4 

0-60 

66 

75- 

S 

0-7 

51 

100 

5 

0-60 

54 

100 

6 

o-so 

52 

99* 

7 

0-60 

51 

99+ 

8 

lS-60 

83 

40 

9 

0-60 

58 

99 

10 

0-60 

67 

75-85 

11 

0-60 

59 

90+ 

12 

0-60 

54 

90 

13 

0-60 

51 

99- 

14 

10-60 

59 

75 

15 

10-60 

54 

99 

16 

15-60 

6S 

40+ 

17 

15-60 

70 

40 

18 

10-60 

55 

95+ 

19 

10-60 

86 

30^0 

20 

10-60 

66 

? 

21 

10-60 

59 

? 

22 

15-60 

69 

40-50 

23 

15-60 

72 

50 


Average 6 experiments with 99-100 per cent fertilisation S3 3 per cent 
Average 5 experiments with 90-95 per cent fcrtilixation 54 8 per cent 
Average 11 experiments with 90-100 per cent fertilization 54 0 per cent 
Ail other cases confirm drop m respitatoi> rate following fertilization 


Table HI ) It therefore appears that the drop m rate at fertilization 
takes place very suddenl> With my apparatus it was not possible 
to make accurate rcadmgs at intertals more frequent than every 5 
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minutes If there is any very extreme change at the mstant of fertili- 
zation, comparable to that which Shearer (11) reports for the rise m 
rate m the sea urchm egg, it must be of such brief duration as to m- 
volve only a very small amount of oxygen There is nothing m my 
results which indicates any such great change in rate 

At 21°C the tune after fertilization at which 50 per cent of a popula- 
tion of eggs have reached certam morphological stages was observed to 
be as follows ^ first polar body, 14 5 mmutes, second polar body, 27 
mmutes, pear-shaped stage, 46 mmutes, polar lobe bulge, 52 minutes, 
cleavage with polar lobe attached, 58 mmutes, complete cleavage with 
polar lobe resorbed mto one blastomere, 62 mmutes, 4 cell stage, 82 
mmutes In order to discover if these events are accompanied by any 
change m respiratory rate it would be necessary to make measure- 
ments at veiy frequent time mtervals® or else to adjust carefully the 
mtervals of measurement for the purpose This was not done in the 
present case, but enough measurements fall by chance at times to give 
some evidence, and to mdicate that changes associated with these 
events are very slight if they exist at all 

Measurements were made most intensively and are most numerous 
covering the first hour and a half to 2 hours after fertilization A num- 
ber of measurements were made covermg a longer penod 8 hours 
after fertilization, at 21°C , the Chaetoptems blastulae have developed 
cilia and are swunmmg actively Four good measurements were 
made to about 8 hours, two more to about 7 hours, two more to about 

^ This schedule is for eggs which have been in sea water at least 15 minutes, 
to attam the restmg stage m the metaphase of the first polar spmdle Chaeiop- 
ieriis eggs may be fertilized immediately upon removal from a parapodium, but 
m this case the development is delayed to the extent of the time required for the 
reorganization of the nucleus which also takes place m sea water m the absence of 
fertilization At 25 5'’C samples of eggs were msemmated 30 seconds, 15 mmutes, 
30 mmutes, 45 mmutes, and 60 mmutes after bemg placed m sea water The time 
lapses from insemmation until 50 per cent of the population cleaved was respec- 
tive!) 59, 45, 46, 45, 46 mmutes In other words, eggs msemmated immediately 
upon bemg placed m sea vater cleave only a mmute earher than eggs msemmated 
15 mmutes later Eggs which have been m sea water an hour have the same time- 
lapse to clea\"age as eggs which have been m sea water 15 mmutes 

® J Gra) (3) has done this usmg the sea urchm egg and finds no change m the 
rate of ox)gen consumption associated wath cleavage 
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6, and a larger number of vanous lesser lengths These measurements, 
arranged as percentages of the prefertihzation rate of the same sample 
of eggs m each case, and then set at the standard absolute rate, were 
all plotted on one graph They include vanous time mtervals be 
tween measurements Fig 2 shows the higher percentage fertihza 



Fio 1 The average relative rate of oxygen consumption b} Chaehpiam eggs 
until 8 hours after fertihxation at 21®C Ciliary acUvity develops as folloivs 6 
hours 15 minutes a few embryos beginning to vibrate ciba sbgbtly 6 hours 30 
imnutes a few very slowly rotatmg 5 hours 45 mmutes about half swunmmg 
very slowly 7 hours most swlmmmg fairly actively , 8 hours very acuve, swim 
mmg fast and high 

tion data m this plot A smooth resultant curve was drawn free hand 
and IS given in Fig 1 Fig 2 thus gives the primary data on uhtch 
the curve shomi in Fig 1 is based Fig 1 has also been influenced 
however by additional data, mostly from lower percentage fcrtiliza 
tions, and m the early part (first 2 hours) by a large number of other 
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measurements, results of which are given averaged for the 1st hour 
in Table III These have been omitted from Fig 2 because they are 
so superimposed that they could not be shown without great enlarge- 



Fig 2 The relative rate of oxygen consumption by fertilized Cltaeloplcrus eggs 
at 21°C These slx senes of actual measurements are the primary data upon 
■which Fig 1 IS based (see text) Inspection of the mdividual senes shows that 
after 5 hours the rise m respiratory rate with mcreasmg cihary activity is in each 
case much more like the curve m Fig 1 than the whole groupmg of measurements 
at first suggests After 5 hours the several series have come to be shghtly out of 
phase 

ment of Fig 2 Until cihary actmty begins the curve is sigmoid be- 
t-vseen the time of fertilization and 6 hours or 6j hours after fertiliza- 
tion It IS slightly asymmetnc The prefertdization rate is regained 
at between and 5 hours after fertihzation The development of 
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ciliary activity, with great increase in the rate of oyjgen consumption, 
begins quite gradually and takes nearly 2 hours to get well under waj 
The times at which different degrees of cihaty activity have been at 
tamed are mdicated in Fig I (legend) This curve for the C/ujclop 
term egg is quite similar after fertilization to the corresponding curve 
for the sea urchm denved by J Gray (4) The striking difference is 
in the opposite direction of the change at fertilization 

Arlacta punciulala 

Alter the drop in rate of oxygen consumpbon by Chaetoplerm eggs 
foUowmg fertdization had been proven apparently beyond doubt, in 
the summer of 1930 I decided to make a few measurements of the 
change in the egg of the sea urchm Arbacia An increase in rate of 
from 400 per cent to 700 per cent m the sea urchm egg has been so w ell 
cstabhshed by different investigators, workmg on different species, 
that It seemed worth while to use this egg as a check on my apparatus 
and methods, even though I could not think of any possible gross 
error For this purpose I made six measurements Although the 
percentages fertilization were not espeaaUy good it was at once ob 
vious that a great mcrease in rate of respiiabon followed fertilization 
It was also found necessary to use much higher concentrabons of un 
fertilized eggs as they respire at a much lower rate than the unferblizcd 
Ciiaclopterus eggs The results of these measurements are given in 
Table IV 

These data of 1930 (Table IV) are qmte variable and therefore not 
altogether satisfactory It is more difficult to make accurate mcas 
urements wath these eggs than with Cliaclopicrus eggs because of the 
tendency of the Arbacia eggs, especially the unfertilized eggs, to cj to 
hze when shaken I did not find so clear cut or definite a span of 
shaking rates over which the measured absolute rate was constant as 
in the case of the Chaetoplerm eggs A glance at Table IV will show 
that the measurements made with forty eight round tnp shakes per 
mmute indicate a higher absolute rate than those with slower shaking 
Are these too high due to corbeal damage' or are the lesser rates too 

® Cvtob-sis has repcatedb been found to gTcatl> increase the rate of oxjgen 
consumption bj unfcrtilucd sea urchm eggs Hypertonic soluUons or a vanelj 
of cjtob*tic agents have been found to have this effect b> Warburg (14), Loch 
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TABLE IV 

The absolute rate of oxygen consumption by imfertihzed Arbac-ia eggs and the 
relative rate m each case of the same sample of eggs after fertilization The egg 
concentrations are expressed m terms of umt volume of eggs per umts volume of 
sea water, and the shaker rate is roimd trip shakes per nunute, with 7 5 cm ampli- 
tude Measurements made m 1930 


Experi- 

ment 

Egg 

concen- 

tration 

Rate of 
shaker 

Oxygen con- 
sumption by 
unfertilized 
eggs in mm * Oi 
per hour per 

10 mm * eggs 

Relative 

rate, 

, eggs 1 
fertilized j 

j 

Fertili 

zation 

Relative rate 
fertilized eggs, 
extrapolated 
to 100 per cent 
fertilization 

Condition of eggs at end 
of measurements 

1 

1 11 5 

48 

In 

Km 

percent 

50 

per cent 

320 

Good 

2 

1 11 

48 

mSBM 

170 

30 

330 

Small per cent of 

3 

1 17 

36 

0 30 

233 

! 15 +? 


eggs slightly cy- 
tolized 

10 per cent of eggs 

4 

1 8 

36 

0 36 

370 

65 

522 

j cytolized 

Excellent 

5 

1 10 1 

36 

0 42 

209 

25 

560 

Small per cent of 

6 i 

1 10 j 

36 

0 28 

511 

1 

80 

604 

eggs slightly cy- 
tolized 

Good 


low due to inadequate gas exchange? In favor of the former (assum- 
ing other workers’ results to be approximately correct) is the relation 
between the absolute rate and the percentage increase at fertilization 


and Wasteneys (6), and Runnstrom (10) There is therefore great danger of 
obtaining too high a measurement of the rate of oxj'gen consumption by unfer- 
tilized eggs if damage is inflicted by too rapid shaking or in any other way Both 
Wasteneys (17) (Arbaaa) and Runnstrom (10) have found that unfertilized sea 
urchin eggs vhich are merely not entirelj’’ fresh, i e , after standing for some time 
in sea water, exhibit a decidedly elevated rate of oxygen consumption Shearer 
(12) makes a pomt of recognizing the danger of mcreasmg the rate of respiration 
and of heat production by cytolysis My own observations on both Arbacta and 
Fitcus eggs (unfertilized) are that respirator}' mcrease is mduced by too rapid 
shakmg when the cj tolysis is qmte superficial and before it becomes visibly con- 
spicuous 

The potential mcrease m respirator}' rate of this unfertilized egg, so readily 
called forth b} a wide \anet} of ph}sical and chemical agents which tend to ac- 
tuate It, renders it poorl} suited to some tipes of metabolism expenments which 
could more adiantageousl} be performed with some other egg 
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It IS from an absolute rate for the unfertibzed egg of about 0 4 (Table 
IV) that an increase of the order of fivefold follows fertilization 
However these results are too meager to permit us to more than sup- 
pose the correct value to be of the order of 0 36 to 0 5 mm * Oj per 
hour per 10 mm » eggs (This compares with 2 4 for Chaeloptcrus ) 

Due to relationships between the absolute rates of the different 
species of eggs which I found when organizing my data it became in 
teresting to know the absolute rate, espcaally of the fertihzed Arbacta 
egg, fairly accurately In the summer of 1931 1 decided, m hopes of 
greater accuracy, to confine some further measurements to the fer 
tilized eggs, which had been fertilized m finger bowls before being 
placed m manometer vessels The higher rate of respiration of the 
fertilized eggs permits the use of less concentrated egg suspensions, 
and I hoped that the fertilization membrane would tend to protect 
the eggs from damage m shaking There is also some reason^ to sup 
pose that the respiratory rate of the fertilized eggs, m which the great 
respiratory change at activation has already taken place, would be less 
affected by slight damage from shaking 

I used fresh sea urchins vfhich I collected myself m Hadley Harbor m August 
As m 1930 the gametes were obtamed from the anunab m the following way 
Wth a pair of scissors the animals were cut m half around the equator The 
upper half contained the gonads The viscera and body fluids were removed and 


^ Warburg (14) found that fertilized eggs treated with hypertonic solutions m 
creased the rate of oxygen consumption after return to normal sea water b) more 
than threefold Loeb and Wasten^ (6) found that the rate of the unfertilized 
eggs was increased by such solutions to about thelevel of the fertilized eggs but that 
the rate of fertilized eggs was not further increased They found however (7, 8) 
(as Warburg had earber) that the rate of ox\ gen consumption b> fertilized sea 
urchm eggs is increased by bases especially when the egg cortex is etched” or 
damaged, more so in Arbaaa than in 5 purfuratus RunnstrQm (10) finds that 
both hypertonic and h>'polonic solutions, while increasing the rate of oi>'gen 
consumption by unfertilued eggs decrease that of the fertilized eggs Warburg 
(15) found that complete destruction of the fertilized egg cells results in a decrease 
m the rate of ox>gen consumption These disacpanacs ma> be partl> if not 
Urgel> dependent upon different degrees of damage or destruction of the cells 
It appears probable that a certain moderate degree of cortical damage might 
abnonnall> increase the rate of oxygen consumption bj fertilized eggs as it un 
questionabl) does m the case of the unfcrlflizcd sea urdiin eggs 
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the half shell was inverted m a finger-bowl containing shallow sea water Arbacta 
which are ripe extrude gametes in large quantities through the gonopores mto the 
finger-bowl when prepared in this way Only ripe gametes are extruded, and they 
receive no rough treatment as they may when stramed from ovarian tissue through 
coarse cloth Eggs were washed several times and were then msemmated Before 
they were put in manometer vessels supernumerary spermatozoa were largely re- 
moved by further washmg Volumes were determmed by centrifugmg the eggs at the 
termmation of the measurement m cahbrated vaccme tubes until further centri- 
fugmg caused no further decrease in volume Due to the presence of the fertiliza- 
tion membranes, and to some space which no doubt occurred between eggs (which 
distort however and pack tightly) the observed volumes are no doubt shghtly too 
high In most cases the space between the egg and the fertilization membrane 
was obhterated in centrifugmg so that the membrane fitted tightly to the egg 
The contents of the space beneath the membrane was probably forced out through 
a rupture m the fertilization membrane In three cases the fertilization mem- 
branes were mostly thrown ofi in the centrifuge and lay in a separate layer above 
the eggs 

The results of sixteen measurements are shown m Table V These 
results are fairly uniform and give a better measure of the rate of 
oxygen consumption by recently fertihzed Arhacta eggs than is ob- 
tamable from Table IV 

The average of all measurements up to (but not including) the 
measurement covering the 1st hour after fertilization is 2 0 mm ® 
O 2 per hour per 10 mm ® eggs This includes some measurements on 
eggs less than 100 per cent fertilized and is therefore on this score too 
low, but this IS offset since the consecutive measurements shown in 
Table V show that the rate is rismg with time even within the 1st 
hour after fertihzation (apparently more rapidly than in Chaetopteriis, 
see Fig 1) The average of the first measured intervals of the nine 
senes of measurements m which 98-100 per cent of the eggs were 
fertihzed is negligibly below 2 0 The average time interval after 
fertilization of these measurements is the penod 23-38 minutes, with 
limits of 20 and 45 minutes after fertilization The rate at a time still 
closer to fertilization would probably be shghtly lower (omitting the 
bnef great nse which Shearer (11) reports m the 1st imnute after 
fertilization in the sea urchm Echiims imcrotubcrcidntus) 

From the data in Table IV on unfertilized eggs, and in Table V 
on fertilized eggs, the percentage mcrease following fertilization can 
be estimated, bemg limited m accuracy by the measurements on the 
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TABLE V 

Fertilized Arboaa eg^ All measured periods up to 1 hour after fertilization, 
mcluding lesser percentages fertilization, averaged, rate = 20 mm * 0 per hour 
per 10 imn * eggs Nme cases with 98 to 100 per cent fertilization, first measured 
periods averaged (average time interval = 23-38 mmutes after fertilization) 
= 20 mm ’ Oj per hour per 10 mm * eggs 
Showmg that Tespirator\ rate is nsmg average of all 15 mmute measurements 
(of runs which go at least to 80 mmutes after fertilization) terminating at or in 
cludmg the tune 50 mmutes after fertilization (tweU e cases not all 100 per cent 
fertilization) 2 2 Same twelve cases at 80 mmutes 2 7, seven cases at 95 
mmutes 3 1 
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TABLE V — Continued 


Ex- 

peri- 

ment 

Egg 

suspen- 

sion 

1- 

eggs 

Ratio egg 
volume 
sea water 
volume 

Shaking rate 
round tnp 
shakes per 
min 7 5 cm 
amphtude 

Fertili 

zation 

Period 
after fertili- 
zation of 
measure- 
ment 

Absolute 
rate mm » 
Oi per 
hour per 
JO mm • 

eggs 

Condition of eggs at 
end of experiment 


1 

ec 

i 



fer 

cent 

mt/f 



7 


74 

1 55 

40 

95 

25-40 

2 3 

No c3rtoIysis 


1 

1 
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TABLE V — Concluded 
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unfertilized eggs If the value 0 4 is accepted for the unfertilized eggs 
the increase is approsinately fivefold If the higher value 0 S is 
taken the increase is about fourfold Loeb and Wasteneys (5) found 
an mcrease of nearly or about fourfold for this speaes Tang (13) 
reports an increase of fivefold In applying my data on Arbacta in 
Fig 1 (21) I am using the value 0 4-0 5 mm * Oj per hour per 10 mm • 
eggs for the unfertilized eggs, and 2 0 for the fertihzed eggs These 
absolute values are very considerably below Tang’s absolute \alucs 
This discrepancy will be considered in the fifth paper of this senes (21) 

SUMMARY 

1 Unfertilized eggs of Chaetoplcrus consume about 2 4 mm * Oi 
per hour per 10 mm • eggs at 21‘’C 

2 In the 1st hour after fertilization, the fertilized eggs consume 
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oxygen at about 53 or 54 per cent of this rate, which is about 1 3 mm ^ 
O 2 per hour per 10 nun ^ eggs at 21°C 

3 For the first 6 hours after fertilization, at 21°C , the curve of the 
rate of oxygen consumption is slightly asymmetrically sigmoid The 
prefertilization rate is regamed between 4| and 5 hours after fertili- 
zation Soon after 6 hours, ciliary activity begms, and the rate of 
oxygen consumption nses rapidly 

4 The unfertilized eggs of Arbacia punckdata consume about 0 36- 
0 5 mm ® O 2 per hour per 10 mm ® eggs at 21°C The absolute de- 
termmation is difficult as these eggs are highly sensitive to shaking in 
the manometer vessels, and these difficulties are discussed 

5 The fertilized eggs of Arhacta pimctulata consume oxygen at the 
rate of about 2 0 mm ^ O 2 per hour per 10 mm ® 21°C At 1 hour after 
fertilization the rate is already rising 

6 A comparison of the absolute rates of oxygen consumption, and 
the changes in rate at fertilization of these and a number of other eggs, 
together with a theoretical discussion, and a discussion of discrepancies 
m measurements on the eggs of Arbacta pjinckdata, is contained in the 
fifth paper of this senes (21) 
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In 1895 Loeb (25) found that the segmentation of fertilized sea 
urchin eggs is inhibited when otygen is displaced from the medium 
with hydrogen He later found the same effect on a vanetj of eggs, 
and further that suppression of oxygen consumption by KCN caused 
the same result If the suppression of oxidation by either method 
was not too prolonged the mhibition was reversible YTicn immature 
starfish eggs are placed m sea water maturation takes place, before fer- 
tilization, and Loeb (28) found that this nuclear activity w as also revers- 
ibly inhibited either by oxygen lack or by KCN These tacts led to 
the conclusion that oxidation, or more strictly oxygen utilization, is 
necessary tor the following cell activities any protracted nuclear activ- 
ity , cell division, and development Oxidation and these activities go 
together Loeb (26, 29) proposed that the essential feature or one of 
the essential features of fertdization, the mitiation of these activities, 
is an increase in the rate of oxidations of the resting egg cel! ' A large 
body of evidence from the sea urchin egg some of which wall be con 
sidered presently, supported this view and led to its elaboration The 
point which I wish to emphasize is that this inxoKes the supposition 

* National Research Council Fellow in the Biological Sciences in the carher 
stages of this work 

1 Loeb m 1916 (29 page 117) say's These conclusions ha\e been since amply 
confirmed bv the measurements of O Warburg as well as those of Loeb and Ras- 
teneys both showing that the entrance of the spermatozoSn into the egg raises 
the rate of oxidation from 400 to 600 per cent ’ 

■197 
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that the inhibition of these activities in the unfertihzed egg is due 
to low oxj'^gen utilization (oxidative^) rate as a limiting factor (as it 
evidently is in fertilized eggs depnved of oxygen) Loeb was per- 
haps nght in supposmg this for the sea urchin egg At least by un- 
phcation (29) he apphed this explanation to fertilization in general, 
and it IS the generalization which I beheve to be entirely refuted by 
my data from Cliaetopteriis (60) and Cmmngia (58), in which the rate 
of oxygen consumption drops sharply at fertilization The generaliza- 
tion has already been senously questioned (20, 13) on the basis of 
measurements on other eggs which show httle if any increase follow- 
ing fertilization Further, the general relations between oxidation 
rate and development, and oxidation and anesthesia (inhibition) do 
not favor mcreased oxidation as m general a causal factor m the initia- 
tion of development 

In 1906 Loeb (27) found that either removal of oxygen or addition 
of KCN prevented the rapid dismtegration of sea urchin eggs which 
follows a number of treatments which induce artificial membrane 
formation This suggested a connection between the disintegration 
of the cortex, which also occurs to a lesser extent in the normal fer- 
tihzation of a number of eggs includmg the sea urchin, and increased 
oxidation rate * He found further that the fertilized sea urchin eggs 
produce more acid than the unfertihzed eggs These relations, in 
conjunction with the suppression of development by oxygen lack, led 
him to suppose that the rate of oxidations in the egg is mcreased when 
the egg is activated, and he expressed the view (26) already quoted 
that this IS the essential feature or one of the essential features of fer- 
tilization In the decade to follow, Loeb and Loeb and Wasteneys 
published an extended senes of papers givmg the results of many 
expenments espeaally with parthenogenetic agents and the effects of 
these upon the oxidative metabohsm Warburg (50) v as the first to 
prove directly that the oxygen-consumption rate of the sea urchin egg 
increases greatlj’’ at fertilization By the Winkler method he found at 
Xaples that the increase in Arbaaa pustulosa, within the 1st hour 

* Loeb uses tie general term "oxidation” in these connections when using data 
which measure ors gen consumption See also paragraph 14 in the Summar> 

’ It IS important hov,e\cr that such an anesthetic as chloral h\drate has the 
same effect -mthout appreciablv reducmg the oxidation rate 
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after fcrtihaation is six- or sevenfold Loeb and Wastene\s (30) 
later found an increase of neatly fourfold in the Amencan Arbacta 
punctulata, and an increase of four to sixfold in the California sea 
urchin, Strongyloccntrolus purpttralus (33) Increases of the same 
order of magnitude have been measured in Echinus miltarts by Shearer 
(46) and by Gray (13), in E mtcroluberculalus by Shearer (45), in 
Paracenlrotus lividus by Warburg (55) and by Runnstrom (44), and 
recently agam in the Arbacia punctulata by Tang (47) and by myself 
(60) 

Warburg, and Loeb and Wasteneys, found that hypertonic solu 
tions increase the rate of oxygen consumption by unfertilized sea 
urchin eggs toward or to the rate of fertilized eggs Runnstrom (44) 
has shown that hj-potonic solutions as well have this effect In short, 
it was shown by Warburg and, with certain disagreements, confirmed 
by Loeb and Wasteneys, that hypertonic solutions and bases increase 
the rate of oxygen consumption by unfertilized eggs Warburg (41) 
also showed that this is true of certain metals which act as partheno 
genetic agents However, to conclude that activation of the egg bj 
these agents, mostly cytolytic, is brought about because they hat e 
increased the rate of oxidation mvolves some danger of reasoning in a 
circle so long as the oxidation increasing effect of these agents is de 
temuned only on the unfertdized sea urchm egg It does not follow 
except by arbitrary assumption which is cause and which is effect 
Perhaps these agents increase the rate of oxidation only because they 
hat e (otherwise)* activated the egg The effect of the cytolytic agents 
on the rate of oxj gen consumption by fertilized eggs or other organ 
isms gives evidence which is free from this objection Warburg (51) 
did find that hypertonic solutions increase the rate of oxygen consump- 
tion by fertilized eggs some threefold, but Loeb and Wasteneys (33) 
found that in 5 purpuratus hypertonic solutions increase the rate of 
oxidation only in unfertilized eggs, not in fertilized eggs They con 
eluded that the oxidation is increased only when formation of the 
fertilization membrane is brought about ‘ Complete cytolysis of the 

* And m a wa> which maj cffcctivcb activate other species of eggs without 
causing an increase in the rate of oi>*gcn consumption 

* It was later neccssan to modifv this to whenever the condition is brought 
about which normallv gives nsc to the fertilization membrane 
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unfertilized eggs by saponin increased the rate of oxygen consumption 
to the level of fertihzed eggs, but no further Warburg (54) also 
found that complete destruction of the fertilized egg cells caused a 
drop in the rate of oxygen consumption toward the prefertilization 
rate, and Runnstrom (44) finds this effect by both hypertonic and 
hypotonic solutions on the fertihzed eggs of P hvidus There is thus 
some disagreement as to the effect of cytolysis on the fertilized eggs, 
possibly due in part to different degrees of destruction 

Bases also act as parthenogenetic agents Warburg (52) found 
that strong bases increase the rate of oxygen consumption of fertilized 
as well as of unfertilized eggs Loeb and Wasteneys (35) found that 
both weak penetrating and strong bases increase the rate of oxygen 
consumption by both unfertilized and fertihzed eggs More recent 
work on many organisms has established that bases do tend m general 
to increase the rate of cell oxidation, quite apart from the activation 
of eggs, and at least in some cases cytolysis does also® (Shearer (46)) 
It is reasonable to suppose that agents which tend m general to in- 
crease respiratory rate may be acting parthenogenetically because of 
this effect However, fatty acids and fat solvent anesthetics which 
act as parthenogenetic agents tend in general to suppress oxidation 
It IS true that anesthetics may increase the rate of oxygen consump- 
tion by the unfertilized eggs (having activated them) but to a lower 
level than is achieved by fertilization Anesthetics decrease the rate 
of respiration of fertilized eggs In other words they activate unfer- 
tihzed sea urchin eggs and at the same time suppress the new rate of 
oxygen consumption Loeb (41) found that the presence of oxygen is 
not necessary for the parthenogenetic action of fatty acids^ and fat- 
solvent anesthetics Lyon (37) found that prolonged exposure to 
K.CN activates the eggs of a Mediterranean sea urchin Therefore 
even for the sea urchin the case is not so very strongly in favor of the 
oxidation-mcreasing properties of parthenogenetic agents, acting 
directly as such, as the pnncipal causal factor in the activation of the 

egg 

® It would be of ^alue to knou if cj toljsis as such increases the rate of oxygen 
consumption b^ the unfertilized Chaetoplcriis egg since activation of this egg re- 
sults in a decrease (60) 

" See also Ralph Lilhe (24) on aerobic and anaerobic phases of activation in the 
starfish egg 
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Loeb’s hypothesis as outlined in his book, Artifiaal parthenogenesis 
and fertilization, 1913 (28), and more briefly in his last somenhat ex 
tended review of the subject m 1916 in his book. The organism as a 
whole (29), may be briefly abstracted as follows Parthenogenebc 
agents are m general cj tolytic agents Their effect is achieved by a 
superficial cytolysis of the egg cortex Cytolj sis as such, and per- 
haps especially superfiaal cjtolysis of the cortex, increases the rate 
of cell oxidation This increase m the rate of oxidation in partheno- 
genesis as in normal fertilization is the essential or one of the essential 
features of fertilization (activation), increased oxidation rate permit- 
tmg or causmg the developmental activities Probably the important 
feature of the cortical cytolysis is the alteration or destruction of a 
hpoid film, and the increase in rate of oxygen consumption which 
follows may be due, for example, to the liberation therebj of some 
oxidative catalyst* from the film This hj-pothesis of Loeb’s is sup 
ported in some of its steps by a wealth of experimental data, concisely 
reviewed in 1916 (29), and accounts well for some of the extensive 
and diverse results of experiments on parthenogenesis of the sea urchin 
egg But even tor parthenogenesis m this egg, the case docs not ap- 
pear to be enturcly condusix e, tor reasons just set forth 

Loeb and Wasteneys (32) were the first to measure the rate of oxy 
gen consumption before and after fertilization bj an> egg other than 
that of the sea urchin In fire measurements on eggs of starfish, tno 
of which had more than 50 per cent fertilization, they found very bttle 
change and concluded that there is no change at fertilization in this 
egg Since the essential feature of fertilization is entirelj present 
here, i e the transformation of the egg from a comparatively resting 
condition to a state in which growth and differentiation are initiated, 
this appears at once to prevent generalization of Loeb s interpretation 
devised for the sea urchin egg as Prank LiUie (20) points out Loeb 
and Wasteneys anticipated this objection at the time of their measure- 
ments on the starfish egg however bv pointing out that the starfish 
egg IS already active in maturation before fertilization and is there 

* This tentaUvelv proposed raecbanism for the increase in rate of oxi-gen con 
sumption is not a neccssarj part of the hypothesis The hTjerated catalvst could 
as well be m the cell interior See Runnstrum (44) for an analysis of the meeba 
nism of increase. 
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fore (supposedly) already at the high rate before fertilization But 
even though there is nuclear activity before fertilization m this egg, 
there is still a very radical further increase in activity of the egg at 
fertilization, with no accompanying increase of respiratory rate, so 
it IS difficult to brmg this egg mto a generalization of Loeb’s hypothe- 
sis Further, smce no absolute measurements were made m terms of 
volume, weight, or number of cells no more proof was actually pre- 
sented to show that the rate of the starfish egg is high throughout than 
that it IS low, although they were probably nght in supposing it to be 
high compared uith the imfertilized sea urchin egg Recently Tang 
(48) has made a few measurements on the same egg (Asferias) He 
also finds no appreciable change at fertilization He gives his results 
in absolute umts in terms of the number of eggs (IfiOju m diameter) 
When converted to volume units, mm ® O 2 per hour per 10 mm ® 
eggs, at 23°C the value becomes about 0 8 which (compare Fig 2) is 
relatively low but still about twice as high as Shearer’s, Warburg’s, 
and mj' oivn measurements on the unfertilized eggs of as many species 
of sea urchins Tang’s measurements were made with a rapid rate of 
manometer shaking which would seriously damage most kinds of eggs 
He finds that when compared with his own values [which are consider- 
ably higher than mine (60)] for Arbacta eggs, the two unfertilized eggs 
consume oxj’gen at about the same rate per unit surface The fer- 
tilized eggs therefore of course do not On this basis of comparison 
his results directly oppose Loeb and Wasteney’s assumption that the 
starfish egg operates at a high rate before fertilization 

hleasurements of the rate of oxygen consumption by the eggs of 
other invertebrates have in no instance revealed such a rise following 
fertilization as that which occurs m the sea urchm egg Faure- 
Fremiet (9) found only a shght increase m the eggs of the polychaetc 
Sabcllana alvcohia, of the order of 12 per cent at 20°C My own 
measurements using the eggs of the brown alga Fucus vcsiculosiis 
(57) show an increase of about 90 per cent, and in Cuimngia (58) and 
C].GCloplcrus a drop following fertilization I found the egg of Nereis 
(59) to increase its rate of oxj-gen consumption about 35-45 per cent 
follow mg fertilization ® 

® Barron and Tj ler measured the change m this egg before I did Barron (3) 
concludes that there is an increase of about 25 per cent immediatelv after fertiliza- 
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Among the eggs of vertebrates there is also no uniform behavior 
Several m\estigators have found an increase following fertilization m 
amphibian eggs (see Needham’s text (40)) Gray (13) says, “A sudden 
mcrease of respiration followmg fertilization is not shown by other 
eggs than those of the sea urchin,” and in 1919 Lilhe (20, pages 145- 
146) in effect predicts that eggs may be found which like the starfish 
do not change much, or which may even decrease, as has turned out 
to be the case for Cliacloplcrus (60) and Cumingia (58) 

The question then anses, does the change in rate of o-cvgen con 
sumption at fertilization, when present, have any direct relation to 
fertilization as such, or is it as chaotic a relationship as the div ergent 
results might suggest? In the first place so manj eggs change ah 
ruptly in one direction or another at exactly this time, that it seems 
highly probable that there is some definite relationship On general 
physiological grounds it is to be expected that if efiiciency remains 
constant an increased rate of ox>gen utilization is required m aerobic 
systems if growth and development are speeded up, but it is well cs 
tabhshed that the rate of development is not ordinarily limited by the 
rate of oxidation Cleavage rate is certainl> not ordinanlj limited by 
the rate of oxygen consumption m a number of forms, e g Amberson 
(2) found that the rate of cleavage in Arbacta eggs is not retarded, when 
the oxygen pressure is dimmished, until the pressure has been so 
greatly reduced as to decrease the rate of oxygen consumption to 
about half normal Loeb and Wasteneys (31) showed that the tern 
perature coefficient of cleavage in Arbacta is entirely different from 

tion, but that about 18 minutes after fertilization the rate deebnes to the prefer 
tifization rate Barron s results, as far as tfic> go agree entirel> with m> own 
But following fertilizaUon the Nereis egg secretes a large amount of jcll> which 
with the sea water makes a solid gelatinous mass unless the eggs are very ddutc 
This gelation suppresses the obsem ed rate of on gen consumpUon I found C59) 
that the magmtude of the dechne bcginmng about 18 minutes after fertilization 
depends upon the concentration of eggs and the degree of gelation of the medium 
In high concentration the drop is to well below the prefcrtdization rate whde when 
the eggs are so dQutc that the medium is fluid the drop is by no means down to the 
prefertdization rate. Barron suggests that the depression bcginmng IS minutes 
after fertilization mas be due to CO retention by the icily It appears Iherctorc 
that the mercased rate immediately followmg fcrtilizaUon in this egg is at least 
largely maintamed if czccssiic concentration of the eggs is avoided 
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the temperature coefficient of oxygen-consumption rate It is quite 
possible that the rate of oxygen consumption is a direct part of the 
limiting factor which inhibits the unfertilized eggs of some species, 
and not of others An egg so inhibited might be expected to have a 
relatively low rate of oxygen consumption before fertilization, as 
does the sea urchm egg Runnstrom (44) concludes from experiments 
m which he analyzes by steps the ability of both the unfertilized and 
the fertilized sea urchin egg to carry out the steps in the oxidation 
process, that the oxygen-activating ferment or “Aimtmgsfermeni” is 
not fully m contact with its substrate m the xmfertilized egg, but be- 
comes so at fertilization, in conjunction with colloidal changes in the 
protoplasm In this case the inhibition to development may be di- 
rectly due to the oxidation limitations This situation m the sea 
urchin egg would agree essentially with Loeb’s hypothesis, while 
supplying a more modem and exact mechanism for the increase in rate 
of oxygen consumption at fertilization The results of similar ex- 
periments on the eggs of Chaetoptenis would be interesting 
It IS more difficult to imagme the relation between the high rates of 
oxygen consumption by the unfertihzed eggs of Chaetopierus and 
Cimnngta and their state of mhibition Both of these, like the star- 
fish egg, undergo maturation activities m the sea water before fer- 
tilization, but only as far as the metaphase of the first polar spindle 
In Chaetoptems this activity is over m 15 minutes at 21°C , and there- 
after the egg is morphologically at rest Even so, the high metabolic 
rate contmues uniformly for at least 8 hours E\ndently, some con- 
dition other than limitations imposed by the rate of 03 ocgen utiliza- 
tion must be responsible for inhibiting the development of the egg, 
since when it is fertihzed and developmental activity is initiated, it 
proceeds vath a much reduced rate of ox 3 ''gen consumption 

WTien the absolute rates of oxygen consumption by the several 
species of eggs, in mm ^ O 2 per hour per 10 mm ® eggs at 21°C , are 
compared it is found that the rates are much closer to one another after 
fertilization than before Chaetoptenis, Cmmngia, and Nereis are 
stnkmgly close, vhile Arbacta is someuhat higher Thus the range 
of these four eggs before fertilization is 0 4 or 0 5 to 3 1, a range of 
more than sixfold, while after fertilization it is only 1 3 to 2 0 (Fig 1) 
Comparison vath certain other grovang animal cells of roughly com- 
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Fig 1 Absolute rates of oi> gen consumption, before and after fcrliUzaUon at 

21 C , except Fucus which is at 18*C 
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parable size, and which are not actively motile, shows a number of 
comparable values, e g Emerson’s (8) measurement on Amoeba pro- 
iciis at 20°C , for which the quotient is 1 6 I have also converted as 
many measurements on the eggs of marme mvertebrates as I have been 
able to find in the hterature together with sufficient data to make the 
conversions, into volume umts for comparison Since a variety of 
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■•VADUUD PRESUMABLY BE LOWER IF MEASUREMENTS WERE CONFINED TO FIRST 
HOUR AFTER FERTILIZATION. SEE APPENDIX 


Fig 2 Absolute rates of oxj'gen consumption, per unit \olume, compiled 
WTiere temperature is preceded b> the sj-mbol a temperature correction has 
been made (See appendix ) 


units ha\ e been used by different workers in some cases assumptions, 
f g of density, have been necessary for these approximate conversions 
For temperature corrections the coefficient Qio — 2 has been assumed 
The assumptions and the sources of data are given in the appendux 
The compilation, given graphically in Fig 2 shov s that a number of 
fertilized eggs of se^eral phjia fall approximately within this same 
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range, 1 3-2 0 mm * 0 per hour per 10 mm * eggs at 21°C The \ alues 
for the Arhacta putictuJaia of Tang (47) and Tang and Gerard (49), 
unbhe my own (60) are outside this general range The relative sum 
lanty of the rates of oxygen consumption per umt volume by these 
vanous fertilized eggs, some of which increase to a greater or lesser 
extent, and some of which decrease the rate of oxygen consumption 
following fertilization suggest a certam orderly basis for the directions 
and magnitudes of the changes It is as if the change at fcrtihzation 
IS in the direction, and of such roagmtude, as to bnng the rate of the 
fertilized eggs to the approximate rate 1 3-2 0 mm * 0* per hour per 
10 mm * eggs at 21®C Eggs which have a very low prcfertiUzation 
rate (notably the sea urchins) mcrcase greatly, while those with a very 
high rate (CJiaeiopterus and Cumtngta) decrease Those in the middle 
range (Nercts and Sabellarta) change httle 
The wide differences m rate of oxygen consumption by the vanous 
unfertilized eggs is still unaccounted for It is not difficult to asso* 

It remams to be seen how widespread this rekUon will be but too raan> cases 
fit in for It to be purcl> a chance assortment It is by no means to be expected 
that all or even most fertilized eggs will fit doscly into this narrow range on a 
volume basis Not only are there probabl> dillerent charactcnsUc concentrations 
in different speaes of eggs of the substances which determine the rate of ox>gcn 
consumption but different proportions of mert matcnals occur for which it 
would be difficult to make accurate allowance Especially, larger eggs which con 
tain proportionall} more j-olk must be expected to respire at a lesser rale per unit 
^olume and this is the case for the absolute rates of the eggs of the frog (5) the 
Plaice egg (7) and for Fmdulus (6) M> own measurements on the eggs of the 
brown alga Fuctu (57) indicate a rate enUrel> too high to fit into this s>*stem 
This IS probabl> m part due to the rclalivclj small volume of water and inert 
storage in the Ftuits eggs, which although vcr> small settle so much more rapidly 
m Eca water than animal eggs as to indicate a considcrabl> greater density ^Vbcn 
the Fuchs egg is centrifuged the inclusions come to occupy a rcbtUTly small part 
of the volume of the egg Fig 1 shows that the Fucus egg has a respiratory rate 
of the same order of magnitude as several small celled algae (8) which appear m 
general to respire at a higher rate than iramotile animal cells The eight eggs and 
thc/l»r<5c&oin Fig 2 are all small cells which probably bavcaroughly comparable 
\ olume of activ c protoplasm per unit v olumc of celk Tang s (4S) absolute value 
for the eggs of the starfish Astcrias when converted to volume units indicates a 
comparatively low rate for this fairly large and comparatively yolky egg (160>i in 
diameter) Both before and after fertilization it is about 0 8 mm,* O- per hour per 
10 mm * eggs at 23*C 
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ciate the low rate of the unfertilized sea urchin egg with the inhibited 
resting condition of the cell It is more surpnsmg^^ to find the high 
rates of Cunnngia and Chaeioplerns when the eggs are in the inhibited 
restmg state It should be emphasized that the inhibited unfertilized 
egg IS a cell m a verj'- unusual condition It is young, it contains all 
of the substances necessary for rapid growth, yet it halts suddenly in a 
state of suspended animation until its condition is in some way changed 
by any one of a vanety of external stimulating agents As soon as 
activation has taken place it again behaves as an ordinary cell, with 
division and growth, like a protozoon or somatic cell when conditions 
are favorable It is after the return to this ordinary state that the 
rate of oxygen consumption by the different eggs are similar, and simi- 
lar also to the rates of Amoeba and the frog’s skin The relations seem 
to me to suggest that the diverse rates of oxygen consumption, like 
the cell division and growth phenomena, are m an extraordinary 
state before fertilization, being related thereto in a manner which is m 
most cases at present obscure, and that fertilization is a termination 
of this unusual condition This is not wholly a new idea Fertiliza- 
tion has often been regarded as the termination of an inhibition I 
v.Tsh to point out that these oxygen consumption relations conform to 
this pomt of -vnew The eventual generalized interpretation of fer- 
tilization may well resolve itself mto an analysis of the nature of the 
mhibition of the unfertilized egg 

The Inhibition of the Unfertilized Egg 

The behavior of the unfertilized egg suggests certain resemblances 
betv een its condition and that of a cell under the influence of an anes- 
thetic The resemblance may be partly superficial but it is probably 
not cntirelj" so It is of course not to be supposed that the unfer- 
tihzed egg is actually subjected to an anesthetic substance from 
Vi ithout Rather it may be that the unfertilized egg cell, upon reach- 
mg its “resting stage,” has spontaneously assumed the condition, 
whether it be related to the structure and composition of the surface 

Surprising m so far as expect the organism to be efficient It is not 
justifiable, howeicr, either philosophicall\ or biologically, to suppose that the 
organism vail necessanh adjust its fuel consumption to a Ion level when apparent 
useful V ork is at a mmimum 
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film, or to the degree of dispersion and the nature of the adsorptions on 
the plasma colloids, similar to that which anesthetics impose on cells 
The fadure of cuttmg to activate eggs maj favor the supposition that 
the condibon resides m the plasma rather than exclusively in the cell 
surface film, although disruption of the hpoid surface film is supposed 
by Loeb (29) and by Gray (II) (with different explanations of how it 
IS brought about m normal fertilization) to result m activation of the 

egg 

If the inhibition or autoanesthesia of the unfertilized sea urchin 
egg IS caused by the veiy low rate of oxygen consumption as a limit- 
ing factor, this inhibition is then an “asphyxiation anesthesia ” 
While as has been stated, this explanation is tenable for the sea urchin 
egg, it is not to be expected from the general relations between anes 
thesia and oxidation that mhibitions will generally be “asphyxiation 
anesthesia ” Loeb and Wasteneys (34), among others, have shown 
that while anesthesia, caused by narcotics, tends to suppress the rate 
of oxygen consumption it does not do so at all sufiBcicntly for this to 
be the limiting factor Lowering the temperature a few degrees will 
lessen the oxygen consumption to the same extent while by no means 
causing anesthesia They conclude that anesthesia is not ordinarily 
an “asphyxiation” phenomenon Loeb and Wasteneys (31) have also 
shown that the rate of development of the fertilized sea urchin egg is 
not directly dependent upon the rate of oxygen consumption, i c , 
that “oxidation is not the independent variable” in development 
They showed that the temperature coeffiaent of development is 
variable over a temperature range and decidedly not the same as the 
temperature coefficient (Qu = approximately 2) of oxygen consump 
tion, as It would be if development were a direct dependent variable 
It IS thus quite in conformity with these relationships to find eggs 
which do not have a low rate of oxygen consumption, responsible for 
the inhibition, m the unfertilized condition Examples arc known in 
which mild anesthesia is actually accompanied by an increased rate of 
respiration (38, 42) 

Heilbrunn (15) has shown that the apparent vascositj or consistency 
of the protoplasm of the eggs of both Arbacta and Citmtnpa changes 
greatly at or soon after fertilization so that the degree of gelation is 
mcrcased Before fertilization, in the inhibited condition, the proto 
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plasm IS comparatively fluid Anesthetics cause the protoplasm of 
these and other cells to liquefy If the fertilized egg is inhibited by 
means of an anesthetic it becomes less gelated, as it was before fer- 
tilization Heilbrunn believes that the colloidal condition of the pro- 
toplasm, as revealed by the consistency, is causally related to anesthe- 
sia, or on the other hand to stimulation and increased activity It is 
notable here that release from inhibition (fertilization) in Arhacta 
and in Cimtngta are accompanied by the same types of changes in 
consistency (correlating with liberation from anesthesia), while the 
changes in rate of oxygen consumption run in the opposite direction 
and must therefore be eliminated from the correlation 

Ralph Lillie (21, 22, 23) has shown that the permeability to water of 
the Arhacta egg increases following fertilization or activation, and he 
draws parallels on this basis between activation of the egg and stimula- 
tion in general In Arhacta the increase m water permeability is of 
about the same order of magnitude as the increase in oxygen consump- 
tion rate,^^ while in the starfish egg (23), m which the rate of oxygen 
consumption does not change at fertilization, neither does the per- 
meability to water change at fertilization It is therefore interesting 
to note that the correlation between permeability and rate of respira- 
tion breaks down when the Ctmtngta egg is considered, as Heilbrunn 
(14) has found that the permeability to water of the Cumingia egg 
increases slightly following fertilization while as I have shown (58) 
the rate of oxygen consumption decreases No data are available on 
the effects of fertilization upon the permeability of the Chactopierus 
egg Decreased permeabihty to water is m some cases associated 
with anesthesia*^ and increased permeability with stimulation and 
increased activity 

This IS probably interrelated v ith the more or less parallel changes in 

*- The unfertilized Nerets egg is coniparativeb highlj gelated, as is the immature 
sea urchm egg, due perhaps to the large amount of water held at this time in the 
large immature nucleus 

*’ Hobson (17) also finds an increase following fertilization in Psammechiiius 
irtharis 

Depending howeier as Luckc (36) has shown in the case of the unfertilized 
Arba^ic egg upon the ions in the medium, etc 
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protoplasmic consistency “ As far as the data go iMth respect to 
oxygen consumption rate, viscosity, and permeability, the unfertilized 
egg resembles m a general a ay a cell in a state of anesthesia, although 
the evidence from the rates of oxygen consumption is of the negative 
sort that inhibition does not appear to be caused by low oxygen-con 
sumption rate as a himtmg factor except perhaps m the case of the sea 
urchin egg 

There is possibly some danger of word play in distinguishmg between 
release from inhibition on the one hand and stimulation on the other, 
but It seems to me profitable to make the distinction here, consider 
ing the former the result of the latter, and that it is necessary to regard 
the young resting egg cell as positively inhibited Moderate ancstho 
sia raises the threshold for stimulation but it does not abolish re 
sponsiveness The immediate response of the unfertilized egg to the 
stunulation of the spermatozoon or a variety of agents is to abolish 
the condition of inhibition and transform to a normal (» e growing) 
cell Spccifiaty in fertilization, and related complications ha\ c to do 
with the nature of the stimulation itself, and the mechanism of acti\ a 
tion, t e , the release from inhibition I shall not attempt to bring 
this into the discussion '• 

Wasteneys (56) used Loeb’s methods for inducing what is regarded 
as a reversal” of activation of thcArbaaa egg, and measured the effects 
on the rate of oxygen consumption When eggs have been given pre 
hminary parthenogenetic treatment, the development which ordinanly 
ensues when they are placed m sea w ater is prevented by NaCN or by 
chloral hydrate Eggs so mhibitcd arc now subject either to fertilize 
tion, or to ortifiaal reactivation and will develop Wasteneys shows 
that when eggs are “reversed ’ with NaCN, the oxygen-consumption 
rate reverts to the low prefertihzation rate, and that when the eggs arc 

Hobson (17) finds a changing pcnncabditj to water between fertilization 
and the first clcawigc in the sea urchin egg which has interesting parallels in part 
to Hedbrunn s (15) corresponding consistcncj curve 

Ralph Lilhe (24) gives an excellent brief theoretical discussion of the nature 
of activation m the starfish egg 

” Frank Lillie (20 page 165) is of the opinion that this is an inhibilor> effect 
rather than a true complete reversal of activation 
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The Effect of the Nticlear Reshng Stage and the Cortical Change at 

Ferhhzation 

The eggs of Chaetopterus and of Cumingta, which I have found to 
decrease the rate of oxygen consumption following fertilization, both 
respire at a comparatively high rate in the resting stage before fer- 
tilization They also both rest in the same nuclear stage of matura- 
tion, the metaphase of the first polar spindle This stage (the meta- 
phase) IS an especially stable one in the mitotic cycle, and the possi- 
bility of a correlation between this stage and a high respiratory rate 
must be considered The general evidence from most work which 
bears on the effect of the mitotic stage in the cleavage cycle is against 
any relationship (see Needham (40, vol 2, page 641)), although it is 
possible that an effect might be of such brief duration during mitosis 
that it has not been detected, whereas the effect would cover an in- 
definite penod of tune in eggs which rest in this stage I attempted 
to make measurements on another egg which rests in this same stage 
(Cerebratulus) but was unable to obtain satisfactory measurements 
because of the large amounts of jelly adhenng to these eggs How- 
ever Runnstrom (44) reports that a few measurements on the eggs of 
Ciona intestmahs indicate a nse following fertilization Morgan (39, 
page 62) states that this egg rests before fertilization in the metaphase 
of the first polar spindle There is not therefore a consistent relation 
between this resting stage and a decrease in the rate of oxygen con- 
sumption following fertilization 

The relation between increase in rate of oxygen consumption and 
the cortical breakdown which attends fertilization and membrane for- 
mation in a number of eggs has entered into most attempts to explain 
the changes in the egg at fertilization, beginning with Loeb’s early 
hj^othesis However, as Just points out, there is great variation 
among eggs in the extent to which this breakdown or disintegration 
takes place Just (18, 19) relates this breakdown in Arbacia to the 
peak of heat production found immediately after fertilization by 
Rogers and Cole (43), and to the greater peak in oxygen-consumption 
rate reported in Echinus by Shearer (45) Just states (pn\ate com- 
munication) that the cortical changes at fertilization in Cuvnngta, 
Chaetopterus, and Asiertas are rather slight compared with the changes 
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in Arbacta and Ncrets A certain amount of correlation therefore 
exists between the degree of cortical change and the increase in res 
piratory rate at fertdization, but it is not striking since the Ncrets egg, 
which has the greatest and espeaally the longest duration of cortical 
change, increases its respiratory rate only very moderately, and then 
not to the high absolute rate (either per unit volume or per unit cell 
surface) of the resting unfertihaed eggs of Cnminpa and Chacloptcrus 
This correlabon, like the comparison of surface and volume rates, and 
compansons of the nuclear stages of resting eggs and the change in 
rate of respiration at fertilization, can be more profitably attempted 
when accurate absolute data are available from a greater variety of 
eggs 

Discrepancies tn ifeasiiremeiits on the Esgs of Arbacta punclutala, and 
the Relation of These to the Calorific Quotient 

The absolute rates of oxygen consumption per unit volume by eggs 
of the four sea urchins Arbacta pustiilosa, Arbacta piinctulata, Cchtnus 
nttliarts, and Paracenlrotus Imdus, as determined by arburg, Shearer, 
Runnstrom, and myself agree quite ctosel> (Fig 2), although the large 
egg of E miharts (Shearer) wnth relatively less surface and probably 
more yolk in proportion respires at a slightly lower rate per unit 
volume than the small egg of A pmictiilala Tang’s (47) values for 
Arbacta punctulata however are about three times as high as mine for 
the same species (Fig 2) It is difficult to examine into the probable 
correctness of Tang’s values because he gives verj little data bearing 
on the question His immediate interest is the rate of ov>gen con 
sumption by the unfertilized eggs as a function of the oxygen tension 
Tw entj four measurements made on the unfertilized eggs in equihb 
num with air show a range of threefold m absolute determination He 
giv es no data on the increase at fertilization, but states that, “the ex 
penments showed fertilized eggs to have a respiration S times that of 
the unfertilized ones, confirming Warburg and Loeb and Wasteneys, 

" There is no indication whether the fiv efold increase w as ob 
served from the low er, av crage, or higher lev el of the threefold span of 
rates of unfertilized eggs Tang states that the rate of shaking w ns 
demonstrated adequate for maintaining gas equilibnum, but he docs 
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not say what it was nor indicate that the other danger, namely that 
too rapid shaking abnormally increases the rate of respiration was 
realized or guarded agamst In his work on the starfish egg (48) he 
used a rate of shakmg so rapid (seventy complete oscillations per min- 
ute with 15 cm amplitude) that in my expenence it inevitably would 
have senously damaged Arhacta eggs It is not quite clear whether 
Tang used h: cc of egg suspension, or | cc of eggs in 3 cc suspension 
per manometer vessel If the latter is the case the high concentration 
of eggs, requiring high shaking rate, would have tended to increase 
cortical damage 

Tang and Gerard (49) have more recently obtained absolute meas- 
urements of the rate of oxygen consumption by Arbacia eggs 95 per 
cent or more fertilized before being placed in the manometer vessels 
The fertihzed eggs are probably less subject to increased respiration 
rate by cortical damage than unfertilized eggs (see discussion earlier 
in this paper), and Tang and Gerard in this case find the average rate 
to be 3 5 times the average rate for unfertilized eggs found by Tang, 
mstead of five tunes In volume units this means a rate of 4 2 in- 
stead of 6 1 for the fertilized eggs (Fig 2) They explam this dis- 
crepancy by stating that it is not entirely safe to compare values from 
one season to another The methods were the same as in the pre- 
ceding n ork Eggs which exuded from a large number of gonads were 
filtered through cheese cloth This is a dangerous procedure, be- 
cause the respiratory rate of the Arbacia eggs may be altered when 
damage is not great enough to prevent fertilization and cleavage It 
is by no means necessary, at least in the case of the unfertilized eggs, 
to cause complete cytolysis before greatly increasing the respiratory 
rate Tang and Gerard used a rapid shaking rate, sixty-five complete 
osallations per minute, with 10 cm amplitude, which they state was 
just short of the rate which caused the fertilized eggs to be largely 
cj’tolized at the end of an experiment They also found that oxygen- 
consumption rate vaned with changed rate of shaking, although this 
could not be due to incomplete oxygen equihbnum because substitut- 
mg ox}'gen for air did not increase the observed rate 

The precautions which I took in guardmg against damage to the 
eggs on the one hand and inadequate gas exchange on the other, have 
been discussed in the fourth paper of this senes (60) in conjunction 
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with my results on Arbacia By way of summarizing, it can be said 
that the higher \alues of Tang, and of Tang and Gerard, especially 
the former, could be adequately accounted for m magnitude by the 
elevation of respiratory rate which a number of in\ estigators have 
found to be caused m the sea urchin egg by even moderate cortical 
damage If on the other hand their values, or one of them, is cor 
reel, mv lower value would have to be explained by assuming made 
quate gas exchange due to slower shaking To the evidence earlier 
presented against this it should be added that m the same vessels, 
with the same depth of solution, the same rate of shaking, and even 
greater gas-exchange rate, gas equQibnum was adequately maintained 
when Chaetoplerus eggs were used The adequac> of gas exchange 
could be more certainly determined wnth the Chaetoplerus egg due to 
Us supenor properties for the purpose 
So far as I have been able to determine, the numerous measurements 
of the rate of oxygen consumption which Loeb and Wasteneys made 
on this egg were always in relative terms, so that no absolute measure 
ments are afforded for comparison The only other absolute measure 
ments which directly correlate with the oxygen consumption measure 
ments are the heat production measurements by Rogers and Cole (43) 
They give the rate of heat production per million eggs per hour, before 
fertilization as 0 08 calories, and after fertilization w hen the eggs hav e 
reached the two ccU stage as 0 52 caiones But since in their paper 
they do not state the temperature at which the eggs produced heat at 
this rate, the values are indeterminate Dr Cole informs me (private 
correspondence) that the measurements were made at the temperature 
of the running sea water in the laboratory, which he bchev es to hav e 
been in the neighborhood of 16 -IS^C 
If the gram calories of heat produced per unit amount of eggs per 
umt time is divided by the mdligrams of oi^gen consumed, the calo 
nfic quotient is obtained Heedham (40, page 651) gives the approxi 
mate theoretical calonfic quotients for carbohydrate, fat, and protein 
metabolism respectively as 3 5, 3 3, and 3 2 Jlejerhof’s (41) values 
for the calonfic quotient of Paraccnlroltis Imdus eggs, unfertilized and 
at vanous stages of dev elopment, he between 2 53 and 2 9, all 1} ing 
under the theoretical Shearer’s (46) determinations on Lchnus 
mtbaris are somewhat higher 3 07 before fertilization and 3 2 for the 
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first hour after fertilization Relatively more heat was produced and 
the calorific quotients approximate more closely to the theoretical 
If the calonfic quotients are calculated, using Rogers and Cole’s values 
for the heat production in Arhacia piinckdata, and the oxygen-con- 
sumption measurements for the same species by Tang, Tang and 
Gerard, and myself, assummg Rogers and Cole’s temperature to have 
been 17°C and correcting all temperatures to 21° C on the assumption 
that Qva ~ 2, the results are rather anomalous For the heat pro- 
duction I have taken the rate which holds constantly after the two- 
cell stage IS reached Before this stage the heat-production rate is 
considerably greater, and also therefore is the calonfic quotient 
Tang’s values give a calonfic quotient before fertilization of 2 9, 
after fertilization of 3 8 Tang and Gerard’s later value for fertilized 
eggs gives a calorific quotient of 5 5 My values give a calorific 
quotient before fertilization of between 7 and 8 7 and after fertihza- 
tion of 11 4 In other words, the rate of heat production is much too 
high to give a theoretical quotient with any of the oxygen measure- 
ments except Tang’s high values for unfertilized eggs, which are almost 
certainly too high My own values, which agree well with those ob- 
tained with a variety of sea urchin and other eggs, fit the least well 
Anaerobic metabolism could account for a calonfic quotient above 
the theoretical for the complete oxidation of carbohydrate, fat, or 
protein, but it is improbable that it could account for such great 
elevation of the quotient It therefore seems to me probable that 
Rogers and Cole’s values for heat production are too high Most 
of the factors which can so readily cause an increased rate of oxygen 
consumption, notably cortical damage, also cause increased heat pro- 
duction (Shearer (46)) If anaerobic metabolism is involved the ef- 
fects might be greater in the case of heat There is also the possibil- 
ity, when measurements of heat production are made in a thermostat 
below room temperature, of slight influx of heat into the experimental 
vessel Even with a differential method of calonmetry this is pos- 
sible when the system is not entirely symmetnc,* e , when the apparatus 
or treatment attached to the two Dewar flasks differs 
Needham (40, pages 652 and 658) has made an interesting calcula- 

Neither Mejerhof nor Shearer obtained enough heat production to account 
for am anaerobic oxidation 
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tion of the calonfic quotient using Shearer’s data on Echinus mikans 
for oxygen consumption and Rogers and Cole’s values from Arbacta 
punctulata for heat production Needham did this in the absence at 
the time of oxygen-consumption data on Arbacta punclulala, and re 
gards the calculation, involving as it does different speaes, as merely an 
interesting “feeler ” The interestmg thing about this calculation is 
that the values for the calonfic quotient turn out to be 3 51 for the 
unfertilized eggs, and 3 7 for the fertilized eggs in the two-cell stage 
The first of these values is almost exactly theoretical for carbohydrate 
metabolism (which is expected here from the respiratory quotient 
values (46)) and the second is not much above In other words, it 
IS the most perfect fit, compared with Meyerhof’s and Shearer’s de 
termmations This appears in a sense to afford a rather striking con- 
firmation of Rogers and Cole’s values However, smcc Shearer’s 
measurements were made at 14 S‘’C and Rogers and Cole’s at about 
17®, when correction is made for temperature the quotients are re 
duced Further, the companson was on the basis of oxygen and heat 
per mtlhon eggs One Eelnnus tniharis egg has four times the \olume 
of one Arbacta punctulata egg (see appendix) There is therefore no 
reasonable basis for companson on the basis of equal number of 
eggs If the calonfic quotients are calculated with temperature cor- 
rections and on the basis of heat and oxygen per unit volume of cells, 
they become before fertilization, 12 6, after fertilization in the two-cell 
stage, 14 4 These are the highest values of all, and in so far ns com 
panson between speaes is tenable, add to the probability that Rogers 
and Cole’s heat determinations arc too high Per million eggs, 
Rogers and Cole’s values for heat production arc only somewhat 
higher than those of Meyerhof and Shearer But per unit volume of 
egg matcnal they are more than five times as high as Shearer’s, for 
eggs in the two cell stage 

Needham (40, page 658) points out that both Mej erhof and Shearer 
found an increasing rate of heat production, closely follow ing the in 
creasing rate of oxygen consumption, after fertilization, giving thus 
a constant calonfic quotient, while Rogers and Cole find constant 
heat production from the two to the aght cell stage An inspection 
of Table V in the fourth paper of this senes (60) shows that the rate of 
oxygen consumption is already nsing m Arbacta punctulata wathin the 
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covered) It extends to fertili 2 ation (the initiation of development) 
his and Wastene 3 -’s n ell established conclusion that “oxidation- is not 
the independent vanable in development ” 

12 It is suggested that the crux of the problem of fertilization lies 
m the nature of the mhibition of the imfertihzed egg Certain smii- 
lanties betvreen this condition, arrived at spontaneously in the case of 
the egg cell and the condition of cells in narcosis or anesthesia are 
pointed out 

13 Although the rate of oxj^gen consumption b}*- the unfertihzed 
eggs of Chactopicrus and Cumiiigia cannot be regarded as the limiting 
factor which causes the inhibition of the eggs, in these and other cases 

V ith different absolute rates, it appears highly probable that the rate 
of ox^-gen consumption is m some wa}-, at present obscure, tied up with 
or related to the condition of mhibition This seems probable espe- 
cially in mew of the sharp change in rate which m most cases imme- 
diateh* attends cessation of the inhibition, but the relationship may 
be a non-causal one asm narcosis 

14 It must be borne m mmd that oxygen consumption is not neces- 
sanl\' a complete measure of oxidation and that other measures such 
as of heat and metabolite production are necessary before the com- 
plete amount of oxidation is known When these are completely 
worked out if free energ)- relations are known, it is probable that more 
direct and inclusive relations maj’^ be found between oxidation, growth, 
development, and anesthesia Generalization of Loeb’s hypothesis, 
using “oxidation ’ in the broad sense might then turn out to hold, 

V ith fertilization fitting into the general scheme, but there is no basis 
for it at the present time 

I am much indebted to Professor W. J Crozier for admce and cnti- 
asm espeaall\' in the earher stages of this m\ estigation, and for 
reviewing the manuscript 

APPENDIX 

Dcr'-'di'cn and Con^CTSion of Data Plotted in Fig 2 

The data gi\en in graphical form in Fig 2 ha\e been taken from a 
number of sources vhich often ha\e in\ohed con\ersion of units and 
in some cases in% ol\ e assumptions which are gi\ en here Runnstrom 
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(44) gives data for a number of controls m his e-rpenments on Para 
centrolus livtdus which involve the volume of egg suspension used, 
the per cent by \ olume of eggs m the suspension as determined by cen 
tnfuging in cahbrated blood tubes, the temperature, the duration of 
measurement, and the total cubic millimeters of oxygen consumed 
I have taken only data on normal control runs on fertilized eggs from 
his paper The measurements which are accompanied mth sufQaent 
data for the purpose, when converted to the absolute rate mm ’ Oj 
per hour per 10 mm * eggs, are as follows 


Table 2 a 

c 

23 

1 

105 minutes measured 

52 mm ^ 

' cg^s in 2 cc suspension ' 

2 91 

‘ 3 c, 

23 

105 ‘ * 

32 * 

' 1 ' 

2 71 

‘ 4 c 

23 

75 ‘ « 

84 

. . 2 « « 

3 92 

* 11c 

i 20 5 

120 * « 

76 

‘ “ 2 “ “ 

1 S 

13 c 

21 

120 ‘ 

SS 

2 

2 1 

‘ 22 a 

20 5 

90 ‘ 

84 

i 2 • * 

1 1 3 

“ 25 a 

2S 

140 

1 

it ii 2 * 

2 76 


Before averaging the results I have multiplied the values obtained at 
25°C by 0 75 and those at 23° by 0 85 as approximate temperature 
corrections to 21°C on the assumption that Qn = 2 Leaving un 
changed the values obtained at 20 5°C , the a\ erage v alue then be 
comes, as of 21°C , 2 16, vhich is plotted in Tig 2 It should be 
noted that these measurements run for from 75 to 140 minutes, and 
since the respiratory rate is increasing with tune after fertilization, 
the value taken is undoubtedly somcn hat higher than it nould be more 
mimediately after fertilization Considenng this, it agrees x cry well 
mth Warburg s s alue for the same species 
TaurC Fremiet’s (9) determinations of the rate of oxjgen consump 
tion by the fertilized and unfertilized eggs of Sabcllana aPcoIata, 
at 20°C , arc expressed in terms of w eight of eggs and weight of oxj gen 
Tliese have been converted to volume units b> assuming a density of 
the eggs of 1 04 The rates then become for fertilized eggs 2 05 mm ’ 
Oi per hour per 10 mm • eggs, and 1 83 for unfertilized eggs at 20°C 
Shearer (46) gives the rate of oxygen consumption per hour per 
million eggs fertilized and unfertilized, of Echinus miltaris Proles 
sor J Gray has kindl> referred me to Hobson’s (17) measurements’’ 

An earlier paper (16) indicates a smaller 
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of the volume of this egg, and has placed me in communication vath 
Professor Hobson who has been good enough to inform me that 
there is appreciable variation in the size of the egg, but that on the 
average the volume of an unfertilized egg is about 850,000^^ This 
permits conversion of Shearer’s data to volume units Shearer’s 
measurements were made at 14 5°C and a comparatively large cor- 
rection is therefore necessary to convert to values corresponding to 
21°C This was done, assuming Qio to equal 2, and the values become 
for the unfertilized eggs 0 28 mm ’ O 2 per hour per 10 mm ® eggs, and 
for fertilized eggs 1 59, at 21°C 

The values for Amoeba protcus are taken directly from Emerson’s 
paper (8), in which the same units were employed which I have used 
I have also taken the value for Adolph’s (1) measurements on fresh 
frog skin from Emerson’s paper since here Adolph’s values have 
been converted to volume units from weight units by assuming a 
density of 1 Warburg (55) states that at 25°C , an amount of un- 
fertilized eggs of Paracentroius Imdus which contain 20 mg egg nitro- 
gen consume 10-14 mm ® O 2 in 20 mmutes In an earlier paper (53) 
he also states that 1 cc of centnfuged Paracentroius eggs contain 20 
mg egg nitrogen Therefore 10 mm ® unfertilized eggs consume oxy- 
gen at the average rate of 0 36 mm ® per hour at 23°C Multiplying 
this b}'^ 0 85 the appropnate value for 21°C becomes 0 31 He also 
states that the fertihzed eggs, beginning 10 mmutes after fertilization, 
consume ox 3 '-gen at six times this rate, or at about 1 86 mm ® O 2 per 
hour per 10 mm ^ eggs at 21°C 

In 1908 Warburg (50) found that the unfertilized eggs of the Euro- 
pean Arabacia pustulosa consume 0 05-0 06 mg O 2 per hour per 28 
mg egg nitrogen at 20 5°C , and that the fertihzed eggs consume 
ox> gen at six to seven tunes this rate I have converted mg O 2 to 
mm ^ O 2 , and then in order to get an approximate value in terms of 
xolume units I have taken some license and assumed that the same 
ratio exists between egg volume and egg-nitrogen content as in Para- 
ccnirotus, 1 c , that 20 mg nitrogen represents 1 cc eggs If this is 
true the middle \ alue at 20 5°C becomes 1 68 mm ^ O 2 per hour per 10 
mm * eggs 

Tang’s (47) axerage xalue for the rate of oxygen consumption by 
unfertilized eggs of Arbacta punctulala, at 24 7°C is 33 6 mm ® 0- 
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per hour per million eggs The fertilized eggs were found to consume 
oxygen at five times this rate Assummg a diameter of 74 microns for 
the egg, and muUiplymg by 0 77 as an approximate temperature cor- 
rection to 21°C , the converted values become 1 22 and 6 1 mm ® O? 
per hour per 10 mm * eggs at 21°C 
Tang and Gerard (49) find an average rate, at 25°C , of 118 mm “ 0 
per hour per milhon fertilized eggs of Arbacta punctulata Converting 

to volume umts and to 21°C , this becomes 4 2 mm ’ Oa per hour per 
10 mm * eggs 
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THE KINETICS OF PENETRATION 

V The Kinetics or a Model as Related to the Steady State 
By W J V OSTERHODT 

(From the Lahoralones oj The Rackejeller Institute for lledical Research) 
(Accepted for publication, July 1, 1932) 

A previous article* descnbes accumulation in models, where potas- 
sium has the appearance of diffusmg in against a gradient This 
raises an mterestmg question in kinetics 

The situation is shown m an experiment with 0 05 M KOH shaken 
up with a small quantity of a non aqueous mixture of 70 per cent 
guaiacol -f 30 per cent p cresol (this will be called G C mixture) 
Practically all the KOH was thereby converted to organic salts 
After separation from the non aqueous phase the aqueous solution 
was allowed to flow in a steady stream through the model (A, Fig 1) 
where it came m contact with a non aqueous layer (B) of G C ma 
ture Potassium penetrated through B into C (which consisted at 
the start of distilled water through which bubbled a steady stream of 
CO ) and accumulated there in the form of KHCOj * All three 
layers were stirred mechanically 

The formation of KHCOj in C raised the osmotic pressure so that 
water entered and the volume of C increased A state was eventually 
reached where water and potassium entered in a constant ratio and 
in consequence the concentration of potassium in C remained ap 
proximately constant while C continued to increase in volume This 
will be called the steady state 

The only cases of this sort suitable for kinetic studies are those 
where the volume of C is so large and the increase so gradual that 
reasonably accurate measurements of volume are possible It hap- 

* Osteihout W J V and Stanlin W If J Cen Physiol 1931-32 16, 667 

r We ma> compare C to tbe sap ot a living cell and call it “artificul sap ' A 
then represents the external solution and B the non aqueous protoplasmic surface. 
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pens that only one of these^ (Exp 64) was earned out in a manner 
suited to our purpose (since m the others the CO 2 was not bubbled 
from the very start) 

In this case the external solution in the steady state contained 
0 041 ii potassium combined with guaiacol and ^-cresol plus 0 009 m 
KECO 3 (due to the diffusion^ of CO 2 or HCO 3 from C into A) The 
solution in C contamed 0 63 m potassium, practically all as ICHCOa 
(with a very httle potassium combined^ with guaiacol, ^-cresol, and 
hydroxyl) All of this potassium (except a small amount of KOH) 
passed from A into B as potassium guaiacolate (which we may call 
KG) and as potassium ;^-cresolate since the latter closely resembles 


SUrred Unstirred Stirred Unstirred Stirred 




3 






E 


2d c 


f: 


A 

(ocjucousl 


fg' h n 


(nen 6<^ucou5) 


C 

(ai^ueous) 


Fig 1 Diagram of lajers m the model The aqueous phase A has an un- 
stirred la> er hich IS represented bettv een d and c from c to / is the corresponding 
unstirred la>er m the non-aqueous phase B Similar layers are present at the 
boundarv between the non-aqueous phase B and the aqueous phase C 


the former we may for convenience regard them as equivalent and 
say that all the potassium enters B as KG 
To understand the behavior of potassium under these conditions 
let us consider the factors that influence rates of penetration These 
factors ha^ e been discussed by Irwin® in connection with the plasma 

® This is Erp Xo 64 of a preceding paper (1) The external pH value was 
about 9 1 and the internal about 7 6 in the stead} state 
* \ saturated solution of guaiacol in water at 25°C is stated to be 0 IS M and 
that of p cresol at 20'C to be 0 18 m Cf Seidell, A , Solubilit} of inorganic and 
organic compounds, Xew York, D \ an Xostrand Co , Inc , 2nd edition, 1919, 
27S ard 309 

Irw n M , Prc' Sc^ Exp B'c’ ai d Med , 1927-28, 25, 127, 1931-32, 29, 993 



W J V OSTERHOUT 


S31 


membrane Overton had said that the rate of penetration depends 
on the partition coeffiaent at the outer surface of the plasma mem- 
brane, but Irwm stated that other coeffiaents, espeaally at the inner 
surface, may be of equal importance This conception was embodied 
in the “multiple partition coefficient theory ”* 

In dealing with models Irwm stated that the rate of penetration of 
dye depends on its rate of diffusion across the non aqueous layer' 
which in turn depends m part on the partition coeffiaents at the two 
phase boundanes Hence, other things being equal, penetration is 
rapid* when the evtemal partition coefficient is high and the internal 
low or when the dye on reaching the sap is converted to a form n ith a 
low partition coeffiaent ’ The rate is regarded as a function of such 
factors as (1) concentrations in the aqueous solutions, (2) the parti- 
tion coefficients, (3) the concentration gradient* in the non aqueous 
layer, and (4) the diffusion coeffiaents, the nature of this function 
being left to future investigation to determine 

Northrop," in a paper on the permeabihty of dned collodion mem 

branes, has given the foUowmg formula Q = ( P — S C) ^ 

h 

where Q is the amount passing through, A is the area, h the thickness 
of the collodion membrane, 5i and 5 arc the partition coefficients 
at the outer and inner surfaces, Ci and Ci are the concentrations in 
the external and internal solutions, D is the diffusion coefficient in the 
collodion, and t is time 

The relation of this formula to activities becomes evident from the following 
treatment Undlj suggested bj D A Macinnes If no consider a non-elcctro- 
1> te diEfusmg through a membrane of unit area and thickness we mat WTite 



* The terra partiuon coefficient was later replaced b> absorption coeffiaent as 
m addition to solublbty chemical action and other processes maj be mioUed 
C/ Irwm M Proc Soc Exp Biol and iled 1931-32, 29, 993 
' Irwm M Proc Soc Exp Biol and Med , 192&-29, 26, 125 J Gen Physiol , 
1928-29 12,407 

•Irwm M,/ Gen Physiol 1928-29 12,407 
>Cf Irwm M J Cm Physiol 1928-29 12,163 164,403 
■" Irwm M , Proc Soc Exp Biol and Med 1931-32 29, 1234 
"Northrop J II ,/ Gen Physiol 1928-29 12,435 
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■where v is the velocity and u the mobihty of the solute molecule, n is the thermo- 
dynamic potential and x is distance in the membrane This may be rewritten as 


V = it RT 


d In a 


where a is the activity 


„ a In a 

Smce 

bs: 


1 ba . 

we have 

a bx 


V a = u RT 


ba 


In the steady state the activity gradient m the membrane is Imear, as shown 
by the straight Ime m Fig 2, and we may -wnte^ 

V a = 11 RT (fli — a-^ 

Putting u RT = D (the diffusion constant) and wntmg cy in place of a ive 
have 


vcy - D(ci y — Ci y) 

If y (the actmtv coefficient) be the same throughout the membrane it cancels out'® 
so that we have 


VC = D(ci — Cz) 

where ci and Cj are the concentrations correspondmg to ai and c» Smce vc is the 
concentration of molecules multiphed by the velocity of the molecule it is equiva- 
lent to the quantity Q passmg through any plane such as F (Fig 2) m unit time, 
thus gi\nng 


dO , . be 

bl bx 


Smce — has the same value at F and at G the value of bO is the same at both 
Dr 


According to Guggenheim (Guggenheim, F A , J Am Cliem Soc , 1930, 

1 1 

62, 1315) a similar equation apphes to a smgle uni-umvalent salt, but ^ 2 

(f+f-) •vihere D'*' and D~ are the diffusion constants of the ions 

If y should not cancel out a correction must be applied but this will be small 
•when the difference m y is small, as v ould ordmariK be the case with non-aqueous 
media 



W J \ OSTERHOUT 


533 


places and as the quantity of diffusate entering the region betvreen T and G is the 
same as the quantit> leaving it the concentration m this region remains constant 
Hence the gradient in B is linear onl> •when the concentration at the surface be 
tween B and C is constant which can only be the case when it is constant in the 
lay er of C lying next to the surface, and this is evidently a neccssan condition 
for the steady state (this condition is found m the model' m the steady state) 
This IS not true when the concentration gradient can be represented by the 

curved Ime m Fig 2 for then ~ and 5Q are greater at F than at G But if the cur 

vature be not too great and the thickness of the membrane constant wc may use 

the formula ~ = Z)(ci — Cj) as an approximation ” 
ai 



Fig 2 Diagram to illustrate conditions m a membrane m whose surface the 
activities are <Ji and oj (the conesponding concentrations being ci and fj) As 
shown by the ordmates oi is greater than Cj The ordinates for the curved line 
are made greater merely for convenience 

If the partition cociEaents at E and G be Sx and 5* so that ■» ci + cji and 
« r* — cq {cjx and fc being the concentrations in ^ and O we have 

^ ^ {SiC. - SjCr) 

dl h ^ ^ 

and 

DAt (Sic. - StCr) 

c i — £ 

In manv cases os Irwin* has pomted out it is desirable to rcpbcc the partition 
coefEaent by on absorption coefficient on account of chemical action or other 
complications 


The thinner the membrane the better the approximation 
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These conceptions*® may be applied to the present case since, de- 
spite the mechanical agitation, there are unstirred*® layers at each 
interface Movement through these layers is slow since it depends 
on diffusion Such layers are shown m the diagram (Fig 1) 

As the viscosity of the G C mixture is greater than that of water the layers 
Bo and 5, are thicker than the corresponding aqueous layers A b and Cb 

There are concentration gradients in all the layers but those in the stirred 
layers are small 


*® These conceptions have been used in settmg up equations for penetration 
(Osterhout, W J V , Prac Soc Exp Biol and Med , 1928-29, 26, 192, J Gen 
Physiol , 1929-30, 13, 261) 

*® If we have to do with immiscible phases it is evident that no amount of stirring 
will produce m the interface itself any motion perpendicular to the interface 
Hon ever, as we go away from the interface such motion will increase and will 
reach its maximum in the mam body of the hquid The entire layer in which 
such motion is submaximal may be regarded as practically equivalent to a thinner 
layer with no component of motion perpendicular to the interface which may be 
called the unstirred layer (in this layer there will be motion parallel to the inter- 
face but this will not durectly aid the movement of substances from one phase to 
the other) The thickness of the unstirred laj er vanes with the rate of stirring 
but It has been found experimentally by various observers that with the most 
vigorous stirring (short of breaking the interface) such layers are thick enough to 
be the controUmg factors in the passage of substances and the flow of heat from 
one phase to another 

Lewis and I^Tiitman (Lewis, W K , and Whitman, W G , hid and Eng Chcm , 
1924, 16, 1215) state that “in the mam body of either liquid or gas, except under 
special conditions which will not be considered here, mmng by convection is so 
rapid that the concentration of the solute is essentially uniform at all points 
On the other hand, the surface films arc practically free from convection currents 
and consequenLl\ an^ transfer of solute through these films must be effected by 
the relatu el> slow process of diffusion These films therefore offer the controlling 
resistances to transfer of material from one phase to another ” 

Tor a recent rexiew of the literature see Davis, H S , and Crandall, G S , / 
An Chen’ Soc , 1930, 62, 3757 These authors state that in well stirred water 
microscopic obscrxation shows particles on the surface and for about 0 04 cm 
beneath it to ha\e little or no motion perpendicular to the air-water surface 
Such la^ ers mav be thicker in guaiacol, owing to its higher xuscositj (22) 

Sec also \Miitman, W G , and others m the Absorption s>'mposium, hid ai d 
El g Clem , 1924, 16, 1215, also IWiitman, W G , Long, L , and Wang, H Y , 
Ird ai d Er g Cl '’n> , 1926, 18, 363 
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Potassium diffuses chiefly as KG (with some KOH) until it reaches C v.here U is 
mostl> changed to KHCOj m which form it diffuses m the layer Cb There is 
also some KG and KOH m this lajer, the situation ma> be explamed as follows 
Assuming (as is customary) that the vcr> thm films adjoining the mterface 
between B and C are m approximate equdibnum'^ we may write'* (KC?)^ « 
(Cp) (KG), where Cp is the partition coefficient for activities (KG)' is the activity 
of undissoaated KG m the inner surface of B , and (KG) its activitj m the outer 


riv^ m 

surface of Cs We then have (KCT) ■» — - — -t where k is the dissociation con 

k 

slant of KG m C and (K) and (G) are activities in the outer surface of Cb Hence 
we mav wnte 


(KG) 


Gp(KG) 


Cp(K)(C) 

k 


Puttmg ^ 
k 


Co we have 


(KG)' - Ci(K)(G) 

Now m B KG is mostl> undissociated since the dielectric constant of the solvent 
IS low' but in C It IS practically all dissociated and the \alue of K'*’ m C may be 
much greater than that of G“ Hence the concentration of potassium m B ma> 
be exceedingly small and that in C may be high but m spite of this potassium will 
contmue to move from B into C because the undissociated KG m B is ndt in equi 
libnum with that m C We shall see later on (p 548) that on shaking up 0 63 m 
KHCOj with G C mixture there is only 0 0062 n potassium in the latter hence 
when S contains more than this potassium will mo\e into C under such 
circumstances 

Let us now consider the situation with reference to OH" and to HCOj" This 
IS probablv not ver> different from that where guaiacol is used in place of 
the G C mixture. If this were the case we could proceed as follows Under 
the conditions of the expenraent the concentrations of HjO, CO„ and guaiacol 

Bj this is meant that the concentration in the film in the outer surface of 
B 15 approximatclv what would be found in B if 5 were shaken up wnth a rela 
ti\ el> large volume of A and allowed to come to cquilibnum 

According to Lewis and Randall when the activities in both phases arc 
referred to the same standard state wc may wntc(KG) — (KG) Cf Lewis G N 
and Randall M ThermodjTiamics New York McGraw Hill Book Co Inc, 
1923 257 Sec also Hamcd H S mTa>lor H S , A treatise on phj-sical chem 
istT) New York, D \ an Nostrand Co Inc 2nd edition 1931 1,762 

Sec Oslcrhout, W J V andStanlev, W M ^ Cm P/orit?/ , 1931-32, 16, 
6S2 (Table H) 
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(HG) remain approximately constant If this be true of their activities we may 
put (foUowmg the procedure of L G Longsnorth) 

(G) (H) , (G) (H) 

(HC03)(H) “ fcjjco, (HjCOa) (OH) (H) “ 

where ^:hg and ^HjCOj designate dissociation constants, the water constant, 
and the brackets denote activities Hence we may put G = CsCOH) = CgCHCOs), 
where 


^hg(HG) , ^ 

, cmci C9 — ^ — 

^HjCOi (H 2 CO 3 ) 


Substitutmg these values m the equation 


(KG)' = Ca(K)(G) 


we have 


(KG)' « CoC 8 (K)(OH) = CoQ(K)(HCO,) 

It foUons that if we mcrease (K) (e g by adding KCl) or (G) there will be an 
increase m (KG)' and an}^ increase m (HCO 3 ) or (OH) will be accompanied by an 
mcrease m (G) hkewise doubhng (K) and (G) simultaneously will multiply 
(KG)' bv 4 unless other factors mtervene*® 

With vigorous stirring such as occurred m this experiment the rate 
of penetration depends primanly on the rate of diffusion in the un- 
stirred layers Expenments mth the diffusion apparatus of North- 
rop and Anson‘S show that KG passes so much more quickly through 
the aqueous than through the non-aqueous unstirred layers that the 
effect of the former may be neglected -- We need therefore consider 

Osterhout, W J V , Btol Rev , 1931, 6, 369 Unpublished experiments 
indicate that other factors do mtcr\ ene 

Cf Northrop, J H , and Anson, hi L , / Gen Physiol , 1928-29, 12, 543 
Experiments earned out bv W hi Stanlev show that the diffusion constants of 
KG and NaG arc about tv eh e tunes as great in vater as in G C mixture (this will 
be discussed in a later paper) 

" The aqueous lav ers are thmncr due to the smaller vnscositj The v iscosit> 
of the G C muxture is higher and the lav ers consequentlj thicker than in the 
aqueous solutions 4t 30’C the v iscositv of guaiacol in C G S units is 0 0445 
(Landolt, H and Bomstem, R., Phv sikalisch-chemische Tabellen, Bcrlm, Julius 
Springer, 5th edition, (Roth, \\ \ , and Scheel, K ), 1931, suppl v ol 2, 102) v hilc 
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only the diffusion in the non aqueous layers, B, and Bi Since these 
layers are very thin" we may regard the concentration gradient as 
approximately hnear There is presumably a very thm film constitut- 
mg the outer surface of B, (not more than a few molecules in thick- 
ness), which IS approximately m equilibnum with the corresponding 
film of the external solution,*’ the concentration of undissoaated” 
KG in the film at the outer surface of B, may be called K, The 
corresponding concentration at the inner surface of B we may call 
K.( Hence we may designate the gradient" as iC — K and (m 

accordance with the conceptions already discussed) regard — as 

dt 

proportional to Kj — 

The activity coefficient of KG in B cannot be far from unity and 
when we have pure guaiacol in B, K( is approximately proportional 
(p 535) to (K») (G.) and Kj to (Ki) (Gj), where the subscripts o 
and t refer to activities of the potassium and guaiacol ions in 
the outside solution {A) and the inside solution (C) respectively 

This will be approximately true m the G C mixture so that ~ is 

approximately proportional to (K.) (G ) — (Ki) (G ) and likewise" to 
(K ) (OH.) - (K() (OH,) and to (K ) (HCOO - (K,) (HCO,,) 

It follows that if K, be increased bj adding KHCO3 to C the x-alue of ~ would 

at 

be decreased This was done in the present experiment, as described m a former 


that of water is 0 0079 (Landolt, H and BSmslcm, R , rh>'sikalisch-chcinischc 
TabcUen Berlin Julius Sprmger, 5th edition (Roth W A , and Scheel K.) 1923, 
1, 135) Accordmg to measurements made m this hborator} b\ W M Stanlc>, 
guaiacol has a lov^cr viscosity than guaiacol saturated with water, but the latter 
NTiIue IS onl> sbghtl) lower than that of G C mixture saturated with water (the 
last increases inth mcreasmg concentration of KC) 

” Smee we suppose that there is \er> little dissociation m the G C mixture 
owmg to Its low dielectnc constant (1), the value of K' — K\ will not be much 
affected b> neglecting the ionized portion 

* This gradient is the sura of the gradients in B and Bi To this must be 
added anj gradient m the stirred laj cr in B but this is probabl) negligible 

® This has been cmplojed in a previous paper (20) in using the equations for 
penetration elsewhere developed (Osterhout, \V J V,7 Gen Bhysicl , 1929-20 
13, 261) 
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paper In the steady state C contained 0 63 m KHCO 3 (plus a small amount 
of guaiacol, KOH, and KG) Enough KHCO3 was then added to C to raise the 

concentration of KHCOj to 1 1 M The value of ~ then fell off markedly 

This IS borne out by shaking up G C mixture with aqueous solutions of KG 
and determimng the value of KG m 5 we find that this is increased by addmg 
KHCOj or KCl to the aqueous solution This is not a simple salting out effect, 
for the addition of NaHCOj or NaCI does not produce the same result (this will 
be discussed m a later paper) 

As we are primarily interested in the rate of penetration of potas- 
sium regardless of the form it assumes in C we shall for convenience 
designate the total potassium m C (1 c KG -f KHCO3 + KOH) as 
K, (this IS practically equivalent to the concentration of K+) The 
corresponding concentration in A wiU be called 

It may be added that there is an outward movement of potassium 
(chiefly as KJEICO3), but as this appears to be relatively small (except 
m the later stages) it will be neglected 

The Volume Ciiroe"^ 

As more and more potassium enters C the osmotic pressure will 
more and more exceed that of A hence water will enter more and 
more rapidly so that the greater the volume the greater its increase 
in unit time This recalls the growth of a sum at compound 
interest w hich is e? pressed by putting ilf, = where Mo is the 

sum at the start, k, is a constant, and / is time We find that the time 

Osterhout, W J V , and Stanley, W M , / Gen Physiol , 1931-32, 16, 677 
(Exp 64, Table I and Fig 5) 

The ratio (cone of potassium m G C mnxture) — (cone of potassium in 
water) is about 047 when 0 05 M KOH is shaken up ivith G C mixture, but the 
ratio (cone bicarbonate in G C mixture) — (cone bicarbonate in C) is probably 
less than 0 001 when 0 063 M KHCOj at pH 7 3 is shaken up v ith G C mixture 
(see p 548) Hence relatneh little KHCOj will pass through B Dunng the 
outward passage of KHCOj some of it will react to form KG and CO; (and some 
of the latter will escape) ^^^len KHCOj is allowed to diffuse outward and no 
CO; IS bubbled, some KHCO; appears in 4 but there is some loss of CO; (1) due 
to reaction wath guaiacol and conseauent escape into the air 
* ‘ Smee the osmotic pressure in 4 is greater at the start than in C there ma> be a 
slight outward moicmenl of water dunng the frst portion of the experiment 


Concentration ( 
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Fig 3 Obsen ed increase in K( (unbroken line drawn free hand to give an 
approximate fit) and calculated N’alues (broken line) Observ cd \*alues of \ olumc 
are represented b> thesjTnbol a broken line shows values of 58 1 Val 

ucs of kft calculated from obsen cd values of K< arc represented by the s\Tnbol D 
broken line shows x'alues from calculated x*alucs of MflliraoU of observed 
values are shoivu b> sjTnbol • broken line shows the curve obtained from cal 
culatcd values of Ki and of volume 


o Tlilhmob 
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curve of volume"^ agrees so well vutli the curve for 58 1 c® (broken 
line, Fig 3) that we may put V( = where Vt is the calculated 
volume® of C at the begmnmg (58 1 cc ), Vi is the calculated volume 
at the time /, and ^2 = 0 00259 

At first the transfer of electrolyte is such that in unit time C gams 
more mols of electrolyte than liters of water and the concentration 
of electrolyte in C increases But as time goes on the transfer of 
electrolyte decreases and that of water increases until a state is 
reached where m unit tune C gams just as many mols of electrolyte 
as liters of water (Fig 4) The concentration then becomes constant 
and the difierence in osmotic pressure between A and C becomes sta- 



ple 4 Upper curve, rate of penetration of potassium (decreasing until the 
stead\ state is reached), lover curve, rate of penetration of water (increasing 
until the stead}' state is reached) Diagrammatic The scale for potassium 
differs from that for vater so that at the steady^ state if the rate for potassium 
vere 0 63 mol per hour the rate for vater would be 55 5 mob (1 liter) per hour 

tionary, so that the rate of water transfer should also become constant 
and the volume curv^e should become a straight line This seems 
to be the case as far as can be judged by the expenments hitherto 
performed 

The exponential increase in volume will tend to make the concen- 
tration decrease exponentially This may be expressed as follow's 

If Q be the number of mols of potassium m C and V the volume we 

max put K, = ^ \Miat happens when Q is constant and water 

®®The figures for volume have been corrected for removal of samples No 
correction v\as made for evaporation since m ilodel I (shov n in Fig 2 of the paper 
bv Oiterhout, J \ , and Stanlev, \\ M , / Gen Physiol , 1931-32, 16, 669) 
it IS neghpblc 

■"'This differs but little from the observed value i hich is 60 
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enters? At the tune h we may call the values K.i(n and Fd) and 

at the tune I we have Kftjj and r<s) Hence Kim = and Ktc > = 

Ml) 

But K(s) = Fdie* Substitutmg this value ne have 

. a _ Q 

~ r< , - -nT " 


Hence 


the loss of K.( due to the entrance of water is exponential and in any 
unit of time is equal to Kii 


The Tunc Curve of A, 

The increment of Ki in any umt of time, with no water entering, 
IS equal to the increase in mols {Q) divided by the volume (B) If 


this increment of Kj be called 


\ dlJr 


we ma> wnte 


/^<\ I IQ 
\di),'’v it 


As already stated (p 537) we regard ~ as proportional to Ki — Kj, 

dt 


hence, if we assume that dunng the first unit of time no water enters 
wemaj wnte 


where C IS a “constant 

If (the volume being constant) Kj should increase in each unit of 
time by an amount proportional to iC — KJ the value of KI — KJ 
must decrease in each unit of lime by an amount proportional to 
Itself, j c y would fall off c.\poncntiall> 


** The value of this constant ' will depend on the vanous diffusion constants 
the thickness of the bjers the shape of B and the areas of its two surfaces, the 
rate of stirring, the rate of decomposition of KC m C, and other x'anables which 
will be discussed m a subsequent paper It will also depend on the viscosit> of B 
which increases as its content of KG increases Hence it is not stnctlv speaking a 
constant but ma> be regarded as such for our present purpose 
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Hence it appears that two processes determine the value of K,, 
j e , a process which mcreases it is followed by one which decreases 
it or 

1 The value of K, is mcreased by the entrance of potassium and 
should no water enter the rate might fall off in a manner approximately 
exponential 

2 As potassium penetrates and the osmotic pressure in C rises the 
resulting entrance of water causes a fallmg off in the value of K, and 
this proceeds exponentially (p 541) 

Such a situation calls to mind the succession of events in a radio- 
active series, where a substance A breaks down to form jB, at a rate 
which decreases exponentiall}^ while B breaks down in the same way 
and this suggests that it may be worth while to see how far a treat- 
ment mvohong successive exponential processes may fit the present 
case A formula similar to that employed for a radioactive series 
may be vTitten as follows 

vhere Sh-, and are constants (for the significance of these con- 
stants see p 544) Despite certain differences between the kinetic 
situation here and that in a radioactive series this formula fits the 
observations fairly well, as is seen in Table I and Fig 3 

One point of difference is that the first process (penetration of potassium) is 
influenced b> the second (entrance of water) Among the consequences of this 
are the following 

1 If K, increase more rapidlj (eg as the result of more rapid stirrmg) K,' will 
also increase more rapidh Hence 5 will decrease more rapidly and k\ must 
mcrease but it- will do likewise since water will enter more rapidly Anj change 
therefore which multiphes the \'alue of f-i tends to multiply that of kz b> the same 
factor But if ki and k be multiphed bj the same factor the essential properties 
of the time cur\e will not change smee all the abscissae will be divided b> this 


■-Rutherford, E, Radioactne substances and their radiations, Cambndge, 
Lnnersiti Press, 1913 McUor, J W , Chemical statics and di-namics, London, 
1909 Osterhout, W J V , Injuiw , rccoierv , and death, in relation to conductivity 
and permeab'Uti , Pniladelphia, J B Lippmcott Co, 1922 Thiersch, P, Z 
fj sk CIcT^ , 192-1, 111, 175 
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same factor*’ (the value of the maximum will not change but the time required 
to reach the maximum will be divided by the factor mentioned) 

2 When K< becomes constant m the steady state, ovang to the fact that water 
and electrolyte enter m a constant ratio Kt wiU also become constant and the 
value of K*' — K/ will no longer change ** 


TABLE I 

Conantraiton oj Polassium and Mtllmols oj Potassium in C, Volume (10 of C, 

and ‘ lionomolecudar * Constant 


Bouts 

1 Volume 

1 

MUlimols of E (n 


K, 

'k, -X, 

Ob« 

Cak 

Ohs 

1 

Calc 

Tiom obs 
values 

From calc 
values of 
vob aad K,' 

From obs. 
values 

From cak. 

% slues 


<c 

tc 





mill Bult ^ 

mUJ/iReit 



0 

60 

58 

0 


0 


0 

0 

— 

— 

16 

60 

61 

0 

1 ! 

0 

13 

6 0 ' 

7 9 

0 0W7 1 

0 0063 

42 

64 

65 

0 

26 

0 

30 

16 6 

19 5 

0 00^5 

0 0067 

65 

63 

69 

0 

40 

0 

41 

27 2 

28 3 

0 0068 

0 0070 

80 

72 ! 

72 

0 

46 

0 

46 

33 0 

33 1 

0 0071 

0 0071 

104 

76 

76 

0 

S3 

0 

53 

40 3 

40 3 

0 0077 

0 0077 

128 

81 

81 

0 

60 

0 

58 

48 6 

4? 0 

0 0100 

0 0036 

151 

87 

86 

0 

61 

0 

60 

S3 0 

51 6 

0 0100 

i 0 ooss 

178 

93 1 

92 

0 

62 

0 

62 

1 57 7 

i 57 0 

0 0100 

1 0 0100 

183 

— 1 

— 

0 

02 

0 

62 

j — 

1 — 



20S 1 

99 

99 

0 

63 

0 

63 

1 62 4 

1 62 4 



232 

105 1 

106 

0 

63 

0 

63 

, 66 2 

, 66 8 



256 

112 

113 

0 

63 

0 

63* 

1 tO 6 

71 2 




* These values hold onlj if the steady state has been reached at which tune 
the method of calculation chanj,es. 


”C/ Oaterhout W J V Injur> recover> and death in relation to conduc 
Uvity and pcrmcablljt\ Philadelphia J B Lippincott Co 1922 
**In this respect the situation resembles that of a re\cTSible monomolccular 
reaction but the tune curve differs since in the present case it is not of the first 
order Cf hfcllor J \1 , Higher mathematics for students of cberaistr) and 
phN’Sics Lxjndon, Ixmgmans Green and Co 1922, 228 Lewis W C hfcC , A 
system of phv'Bical chcmistij , London Longmans Green and Co 1921 Since 

(K.' — K ) IS constant ~ is also constant 
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Hence it appears that two processes determine the value of K,, 
z c , a process which increases it is followed by one which decreases 
it or 

1 The value of K, is increased b}’- the entrance of potassium and 
should no water enter the rate might fall off in a manner approximately 
exponential 

2 As potassium penetrates and the osmotic pressure in C rises the 
resulting entrance of water causes a falling ofi m the value of K, and 
this proceeds exponentially (p 541) 

Such a situation calls to mind the succession of events in a radio- 
actixe series, where a substance A breaks dowm to form B, at a rate 
w hich decreases exponentially, w'hile B breaks down in the same way 
and this suggests that it may be worth while to see how far a treat- 
ment involving successive exponential processes may fit the present 
case A formula similar to that employed for a radioactive senes 
may be written as follows 

where Sb, ki, and are constants (for the significance of these con- 
stants see p 544) Despite certain differences between the kinetic 
situation here and that in a radioactive series this formula fits the 
observations fairly w ell, as is seen in Table I and Fig 3 

One point of diGerencc is that the first process (penetration of potassium) is 
influenced b> the second (entrance of water) Among the consequences of this 
are the following 

1 If K. increase more rapidU (c g as the result of more rapid stirring) K/ will 
also increase more rapidh Hence S will decrease more rapidly and ki must 
increase but k wall do likew isc since water w ill enter more rapidlj Anj change 
therefore which multiplies the \wlue of ki tends to multiply that of ki b> the same 
factor But if ki and k be multiplied b\ the same factor the essential properties 
of the time curve wall not change since all the abscissae will be divided bj this 


Rutherfo'd, E, Radioactne substances and their radiations, Cambndge, 
lnuersu\ Press, 1913 Mellor, J , Chemical statics and dsaiamics, London, 
1909 Oste-hout, W J V , Injuiy , reco\erv, and death, in relation to conductivitj 
ard permeab ht\ , Pniladelphia, J B Lippincott Co , 1922 Thiersch, P , Z 
--k CU'- , 192-1, 111, 175 
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same factor*’ (the \aluc of the maxunum will not change but the time required 
to reach the maximum will be divided by the factor mentioned) 

2 When Kf becomes constant in the steady state, owmg to the fact that water 
and electrolyte enter m a constant ratio, Kt will also become constant and the 
value of K*' — K/ will no longer change,** 


TABLE I 

Concmlration oj Potassium and Mtlhmols of Polasstum in C, Volume (10 of C 
and *‘Il{ottomotecitlaP Constant 


Hoars 

' i 

\ olumt 

1 

K| 

i 

liniunoU of K la 

c - Ki cn 

1 

j Obs. 1 

1 

Calc 1 

Otn 1 

Calc. 

From obs. ' 
values 

From esje. 
values of 
voL and K; 

From obs 
values 

From calc, 
values 


1 <( 

<4 




niil mfts 

1 


0 

60 

58 

0 

0 


0 

— 

— 

16 

60 

61 

0 1 

0 13 

isi 

7 9 1 

0 0047 

0 0063 

42 

64 

65 

0 26 

0 30 


19 5 1 

0 0055 

0 0067 

65 

68 

69 

0 40 

0 41 

1 27 2 

28 3 

0 0068 

0 00^0 

80 

72 

72 

0 46 

0 46 

33 0 

, 33 1 

0 0071 

, 0 0071 

104 

76 

76 

0 S3 

0 53 

40 3 

40 3 

0 0077 

1 0 0077 

128 

81 ' 

81 1 

0 60 

0 58 

48 6 

47 0 

0 0100 

1 0 00S6 

151 

87 ' 

86 ' 

0 61 

0 60 

53 0 

51 6 

0 0100 

1 0 00S8 

178 

93 ' 

92 ' 

0 62 

0 62 

57 7 

57 0 

0 0100 

1 0 0100 

183 1 

— 

— 

0 62 

0 62 

— 

— 


1 

208 

99 

99 

0 63 

0 63 

62 4 

6'> 4 


1 

232 1 

105 

106 1 

0 63 

0 63* 

66 2 

66 8 



256 ! 

112 

113 1 

0 63 

0 63* 

70 6 

71 2 




• These values hold onl> if the steady state has been reached at which time 
the method of calculation changes 


*’C/ Oaterhout W J^V Injurj reco\er> and death m relation to conduc 
tivity and pcrmeabdiU Philadelphia J B Lippmcolt Co 1922 
**In this respect the situation resembles that of a rc\craible monomolccular 
reaction but the time curve differs since in the present case it is not of the first 
order Cf Mcllor, J \V , Higher mathematics for students of chcmistr> and 
ph^'Slcs Ixmdon, Longmans Green and Co 1922 228 Lewis W C McC A 
sNslcm of ph\*sicat chcmistrj London Longmans Green and Co 1921 Since 

(K,' —K')i% constant ^ is also constant 
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3 The dependence of the first process on the second is taken into account in 
denying the equation the steps are as follows Since K, = Q — 7 we have 


dK. = 


VdQ - QdV 


Substituting — = K, ne have 


Hence 


dK. = ^ iQ - y dV 


^ ^ _ K. ^ 

dt ~ V dl~ V dt 


Substituting — = C(K' — K') and — = 7^2 we have’® 
dt dt 


JK. c(k; - k;) 


- K.^a 


We may now put C(K<,' — K,0 ~ S' if this value were to fall off exponentially 
so that 5' = Sh (where the subscript h designates the value at the beginning 
and h IS a constant) we should have 


JK. sy 


- K.ki 


As a numencal illustration we may put K«' *= 100, K,' = 10, K, = 10, 7 =■ 

100, Q - 1000, and Ci = 1 Then smce — = Ci(IC„' — K/) we have for one 

unit of time 6.Q = 100 — 10 = 90 Dunng this unit of time let us suppose that 
V increases from 100 to 101 which makes = 0 01 We then have 


^K. - K.') 


- K.itj 


100 - 10 


- 10(0 01 ) 


O 1000 

This ma\ be checked as follows At the start K< = — = ■=■ 10 At the 


end of the unit of time K, = 


10 8 Hence — ‘ = 08 
M 
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Substituting V « Vte gives 


_ r.f — iet .—itt 
dKi ^ 


Putting /:i “ to + kt and -= -7777 gives 

Vt{ki) 

®» 5oe ti — K(C| 
at 

This formula merely states that m any umt of time the increase in K* equals 
that which would occur if no water entered during that unit of time (1 c 
C(Iw^ K/ 

— i -which may under certam conditions be regarded as Sic^ 'hi) less the 

diminution due to the entrance of water during that unit of tune (i e Kihi) 

A differential equation of this type is used to describe radioactue change and 
when mtegrated gives an equation of the form appearmg on p 542 

CatculaUon of ki 

We approximate Aii by observing how rapidly ^ falls off with time 

at 

and this approximation is corrected by trial ” In this way we am\ e 
at the value Ai = 0 0084 

Calculation of St, K„ and Time Required to Reach the Steady State 
Returning to the formula 


we see that dunng the first hour, when no water is entering C, wc 
may put h = 0 hence dunng the first unit of time 


** Dr L G Longsvkorth has devised a method based on that gi\cn bv Running 
{cf Running, T R*, Empirical formulas, New liork John ^^^ley and Sons Inc. 
1917) for getting the N-aluc of ki graphicallj 
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Now ko — ki — ki — 0 0084 — 0 00259 = 0 00581 and the corrected 
AK, 

value of — - at the start is 0 00616 Hence 
at 

0 00616 = 5t,(0 00581) 

56 = 1 06 


Having the values of Sh, h, and we may calculate the value of 
K, in the steady state, which we may call K, We have^- 



/ 0 00259 \ 

/0 0084\ VO 00259 - 0 00842 

"" (^0 00259} 

= (106)(3 243)"®‘“” 

= 063 

This agrees with the observed value of 0 63 (the value of K, ob- 
tained in this v/ay depends only on ^6 and on the ratio ki — and 
not on the actual values of ki and 

We ma> now calculate the time required to reach the steady state 
Calling the value of S in the steady state 5 , we have’- 

S.h = K./!r; 


5. 



K.lt 

h 


(0 63 ) ( 000259 ) 
(r06)(0 00S4) 


-OC"' i: 

e 


= 0 183 



W J V OSTEKHOUT 


547 


We find from a table” that 


-1697 

< 


0(83 


hence 


t = 202 

This IS within 2 per cent of the observed value of 208 

Calculation of Af 
For the time curve we have” 

/ -00M«l -000M9r\ 

= - 1 53 V* ** - « ) 

For etample, at 80 hours we have 

— , , / -0672 -l)7072\ 

Kf “ (—1 53) — r / 

= (-153) (0 5107 - 0 8129) 

- (-153)(-0J022) 

Bf 046 

which agrees with the observed \alue of 0 46 A companson of the 
calculated and observed a aloes (Tabic I and Fig 3) shows fair agree 
ment throughout 

* CJ Becker G F , and Van Orstrand C E H>’perbolic functions, Smithso- 
nian mathematical tables Washington The Smithsonian Institution 3rd rcpnnt 
No 1871 1924 

** The measurements of Ki and of \oluinc might have been made more care 
full\ bad there been an> intention of using them for mathematical anah'sis 
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Now — ki — = 0 0084 — 0 00259 = 0 00581 and the corrected 

value of — - at the start is 0 00616 Hence 
at 

0 00516 = 5b(0 005Sl) 

Si = 1 06 


Having the values of Sh, ki, and h we may calculate the value of 
H, in the steady state, nhich ne may call K, We have®* 



/ 0 00259 

( OOOS4\ 00259 - 0 0054, 

0 00259} 

= (106)(3 243r'‘'’ 

= 063 


This agrees mth the obser% ed value of 0 63 (the value of K, ob- 
tained in this T.ay depends only on Sb and on the ratio ki — and 
not on the actual \ alues of 1 1 and k^ 

We ma} non calculate the time required to reach the steady state 
Calling the ^ aluc of 5 in the steady state S , v. e have®® 


S.h = K.ht 


S. 



K.k, 

h 


— i J 


-i ' (0 03) (0 00259) 

“ (106)(0 00S4) 


-cc » 

( 


= 0 183 
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We find from a table*' that 


-1M7 

e 


0183 


hence 


I « 202 

This IS mthm 2 per cent of the observed value of 208 


Calculatwn of A < 

For the time curve we have** 

/ -000841 -0O0»9(\ 

- - 1 53 - c ) 

For example, at 80 hours we have 

, , ( -0 612 -OJ072\ 

Ki=(-153)^e -c ; 

- (-I53)(0 5I07 - 0^129) 

- (-153)(-0^22) 

« 046 

which agrees with the observed xaluc of 0 46 A comparison of the 
calculated and observed values (Table I and Fig 3) shows fair agree 
ment throughout 

*' Cf Becker, G F , and Van Orstrand C E HN'pcrboIic functions Smithso 
nian mathematical tables Washington The Smithsonian Institution 3rd rcpnnt, 
\o 1671 1924 

**The measurements of Ki and of volume might have been made more care 
fuU\ had there been anv intention of using them for mathematical anab’sis. 
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Calcitlahon of km 

It IS sometimes convement to classify time curves according to their 
behavior with reference to the value of the apparent velocity constant 

km = - log (For example, if we treat a bimolecular curve in 

t a — X 

this way we find that km falls off with time In the present case we 

1 K. 

find that the value of - log ^ (where K , is the value of K. 

f JVj — Ji, 

in the steady state) increases with tune as shown m Fig 3 and Table I 

V allies of K'o and K', 

Can we ascertain the values of and K/? An attempt was 
made to approximate them as follows On shaking up 0 04 m KG + 
0 01 M KHCO 3 with G C mixture it was found that the ratio (potas- 
sium m aqueous solution) — (potassium in non-aqueous mixture) was 
0 38 (most of the potassium in the non-aqueous mixture being KG, 
since the partition coefficient of KHCO 3 is apparently very low) 
Hence we may assume that m the present case, where A contains 
0 041 M organic potassium salts and 0 009 m KHCO 3 , KG in the outer 
surface of Bp would be about (0 05) 0 38 = 0 019 m 
I n order to ascertain the value of K'„ 0 63 m KHCO 3 approximately 
saturated with CO 2 at atmosphenc pressure (the pH being 7 3) was 
shaken with a small quantity of G C mixture The concentration 
of potassium in the G C mixture was 0 0062 That of KHCO 3 m 
the G C mixture is not knorni but by analogy with KCl we may 
regard it as very small Hence that of KG is probably not less than 
0 0057 

It seems possible to get some idea of the value of K i in another way 
We proceed as follows We have seen earlier (p 536) that we may 
wnte (KG)' = CoC 8 (K) (OH), where (KG)' is the activity of undis- 
soaated KG in B The concentration of KG m B may be regarded 
as equal to u'kc divided by y', the activity coefficient in B Hence 
if Cc, and Cs happen to be about the same for K'p and for K', 

Jacques, A G , and Osterhout, W J V, 7 Gen Physiol , 1929-30, 13, 695 
Actualh it vould be less since there is a concentration gradient in the un- 
stirred la> er .is (Fig 1) 
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(the concentration of undissociated KG in the inner surface of in 
the steady state) e may put 

(K.)’ (K)(OH) 

(K) “ (K)(OH,) 

where (K ) and (OH.) refer to activities in C in the steady state and 
(Kc) and (OH.) to activities m A The concentration of potassium 
outside IS 0 05 M and inside 0 63 u the pH value outside’ is 9 1 
(hence OH, = 4 9) and that inside is 7 6 (hence OH , = 64) Sub 
stitutmg these values, inserting the activity coefficients” and putting 
K', = 0 019 we have 

K' (063)(063)(10~^) 

0019 “ (0 05) (0817) (10-*^) 

- OJl 
K' - 00059 

This figure is, of course, uncertain since we do not know the acti\ ity 
coefficients accurately 

Relation of the Rale to tlic Value of A', — K'l 

If, as stated earher (p 537), the rate of entrance of mols be propor 
tional to K' — K'(, we should he able to calculate the latter from the 
former We proceed as follows Taking the rate of entrance of 
mols at the beginning, which we may call Ri, as the average during 
the first measured pcnod, we have = 6 0 — 16 = 0 375 millimol 
per hour The rate in the steady state (between 232 and 256 hours), 
which we may call is 0 183 milhmol per hour Hence R, Rb = 

0 183 - 0 375 = 0 5 

Let us now consider whether we get the same value for the ratio 
(K'o — K'i in the steady state) t- (K' — K'j at the start) Substi 
tuting the values previously ascertained we obtain for this ratio 
(0 019 — 0 0057) -I- (0 019) = 07 The discrepancy between this 

”0 817 and 0 63 are activity coefficients For ciplanation see preceding 
paper (1) Here as elsewhere we emploj concentrations in pbee of acti\ itics for 
KGinB 
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value and that of 0 5 denved from rates will be less when these \alucs 
are corrected as follows 

1 The value of K, (? c of K, in the steady state) is undoubtedly 
too low since it was obtained with the external solution at pH 7 3 
Increasing the pH to 7 6 (i c to the pH of the experiment) uould 
increase the actl^nty of the guaiacol ion (p 535) and that of KG in B 
If there were no complicating factors it would approximately double 
It (p 535) 

2 There is a factor w^hich makes the ratio denved from rates ap- 
pear too small since it causes the rate of entrance of KG in the steady 
state to appear less than it really is 

As the expenment progresses there is an increasing outward move- 
ment of KHCOa (experimentally demonstrated elsewhere') This 
reaches its maximum in the steady state and decreases the apparent 
rate of penetration of KG (what we actually observe is the inward 
rate of KG minus the outw ard rate of KHCO3) 

3 An additional factor is that the value of K'o is taken too low 
In the shaking expenments the concentration of KG at the outer 
surface of 5 is 0 05 xr giMng 0 019 KG in B But when we set up 
the model wnth 0 05 m KG m A the concentration at the outer sur- 
face of B is less because of the concentration gradient in the unstirred 
aqueous layer A ^ If w e regard the actual concentration at the outer 
surface of B as low enough to make the value of K'o 0 0125 the ratio 
becomes (0 0125 — 0 0057) — 0 0125 = 0 5 

When we correct for these factors the ratio derned from rates be- 
comes larger and that denved from concentration gradients becomes 
smaller so that the discrepancy tends to disappear 

E\en when these corrections are applied we should not expect the 
ratio dcn%cd from rates to be equal to that denved from concentra- 
tions because the ratio den\ed from rates is lowered by factors which 
do not affect the other ratio m the same wa> Such factors arc the 
increase in the thickness of Be and B, and the decrease of the diffusion 
constants in these la\crs due to the increase in the Mscosit}*' of the 
G C mixture which accompanies the increase in the concentration 
of KG Ii these factors affect the rate of penetration of potassium 

‘-That such an iraca't oco.'s is b c’cpcn'^ents m-'cle in thu 

tc". h\ M S'a-'i'* 
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and of water to the same extent they mil not change the \alue of K( 
in the steady state and hence will not affect the value of K.'„ — K'( 
but they will diminish the value of R and hence lower the \ alue of 

Rt — Rh 

In view of these considerations the agreement between the ratios 
denved from rates and that derived from concentration gradients 
seems to be fully as good as could be expected 


Exchange of Ions 


It is sometimes stated that m living cells the penetration of potas 
Slum depends on an exchange of K.+ for H+, the ions passing as such 
through the protoplasm Can this conception be applied to the 
model? 

When KOH is placed in A it reacts with HG to form KG which m 
turn reacts with CO in C to form KHCOs The net result is that ^4 
loses K+ and C loses H+ which is equivalent thermodynarmcally to 
an exchange of K+ for H+ (though the actual transport through B maj 
be mostly in molecular form, eg as undissociated HG and KG) 

As stated m the preceding paper* it seems probable that the concen 
tration of ions in the G C mixture (whose dielectric constant is low) 
IS small compared with that of molecules and unless the mobility of 
the ions were extremely high ionic exchange would play a subordinate 
r61e The following calculations bear this out 
Trom considerations set forth elsewhere** an exchange of K«+ for 

Hi+ might be expected to proceed according to the formula — = 

dl 


C, [(Hi) (K.) - (Ki) (H )], where C, IS a constant 
We may use the followmg values for actixnties * At the start ■** 
(K) = (0 05) (0 817) = 0 04, (H.) = 10-»‘, and (Ki) = 0 The 
value of (Hi) at the start, which we maj call (Hi), will depend on the 
rate at which COi is bubbled but it may be estimated tentatively as 
10“'* At the steady state we have** (K ) = 0 04, (H„) = 10“’*, 
(K ) = (0 63) (0 63) = 0 4, and Hi = 10” (this wiU be called H ) 

We haxe seen (p 537) that when — is regarded as proportional to 


** To judge from the literature this dimmution ma> be \etj considerable (16) 
*‘Obterhout \V J V,/ Cen P/i}jio/, 1930-31 14,277 
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(Ko) (OHo) — (K,) (OHO, calling ^ in the steady state R, and 

at 

at the start Rb, ive have (p 549) 


dt 


~ ^ (Kj(OH,) - (K.)(OH.) 

K (K.)(OHo) 

= (0 05) (0 817) (10-« ’) - (0 63) (0 63) (IQ-^ *) _ „ 

(0 05)(0 817) 

But if the penetration of potassium proceed by ionic exchange and 

if ^ must be regarded as proportional to (HO (KO — (KO (HO we 
dt 

must put 


(HtXKo) 

_ (10~‘")(004) - (04)(10-»>) 
(10-5 0(0 04) 


= 0 003 

This IS V idety divergent from the observ'ed value of 0 5 (p 549) 
for the obscured ratio bet^s een the rates of entrance of mols at the 
steady state and at the start 

If ionic exchange proceeded in this way it vould make little or 
no difference whether the K ions in A were accompanied by guaiacol 
ions or by chlondc ions, but ve find experimentally that K6^ pene- 
trates \ erx* much faster than KCl 

But It might be said that the ionic exchange is in reality bcU\ een 
the outer surface of Bo and the inner surface of B, In order to 
estimate the xaluc on this basis v.e ma> proceed as follov.s Since 
the actn itv coeCicient of KG in the G C muxture cannot be far from 
umtx we may for comparatnc purposes regard it as unit> and employ 
concentrations The actniU of K-*- in the outer surface of Bo may 
be called {Ko~y and the other ions may recene similar designations 
We then haie m the outer suriace of B, 

(K*-)' {G,~} — 
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•where C^c is the dissoaation constant of KG m the G C mixture 
Then we may -wnte as an approximation 

(K+) - 

- V^VooIp 

- ■v'^fOlSS) 

Taking the concentration of KG + KHCOj in the inner surface of 
B( to be 0 0062 (as stated on p 548) we may for purposes of calculation 
lump them together and call both KG (this would introduce no serious 
error if the dissociation constants m B were similar as is probably the 
case) The actmty of K'*' m the inner surface of in the steady 
state may be called (K ,•*•)' Hence we may put 

(K:,•^)' - Vo 0062 

- V ^(0 079 ) 


As we do not know the activities of the hydrogen ion in the surfaces 
of B (which are supposed to be m approximate equilibrium'' with the 
adjoimng aqueous phases) we may assume for purposes of calculation 
that they are equal to the activities m A and in C multiplied by a con 
stant Cj The actmty of the hydrogen ion in the outer surface of 
B may be called (H„+)' that in the inner surface of B( at the start 
(Hi'*')' and in the steady state (H.+)' This gives (Hj-*-)' = CslO"”, 


(Ho'*')' = CslO'”, and (H •*')' = CslO''* Substituting these values 

in the equation ^ = ( g (K V - (K.V (H g' 

Ri (Hi+)'(Ko'*-)' 


g, CdlO-i ■) VC^fO 132) - Vc^(0 079)C.(10-i ■) 

^ C,U0-'J) Vc^(0 138) 


(10-") (0132) - (0 079)(10-«-*) 
(10-*->)(0 133) 


” 0 005 


The \ alues for (rate at steadj state) — (rate at start) obtained from 
calculations based on ionic exchange (i c 0 003 and 0 005) di\ erge 
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•Widely from that obtained by direct observ ation of the number of niols 
passing through at the start and at the steady state, 7 c , 0 5 (see p 
549) The value 0 5 is in much better agreement vith that obtained 
by assuming that potassium moves through S in the form of mole- 
cules of KG This \alue is 0 7 (p 549) vhich is Inown to be too 
high since it takes no account of such factors as those mentioned on 
p 550 


CONCL-DDING REiURKS 

The calculations indicate that exchange of 10 ns, 7 c , of K+ in J for 
in C, does not play an essential role Hence it would seem that 
potassium must move through B chiefly m the form of undissociatcd 
K.G or as the ion pair (K+)^ -b (G~)' As the concentration of ions 
IS presumabi} small, owing to the very low dielectric constant-** of 
the G C mixture, they hax e been neglected m order to simplify the 
calculations This would seem to be perrmssible in the present case 
in MOW of the result of the calculations But it is, of course, in- 
accurate and becomes increasingly so the more dilute the solutions 
employed 

Ionization in B would not change the form of the equations, but the 
rate would become a different function of (K) (OH) For example 
if the dissociation in B were practically complete we might haxc^** 

^ (OHe) - V(K.) (OH.) 

■Pt ViKj (OH.) 

_ VtOOSjtOSlTjdO-*’) - \/(0 63)(0 63)(10 -«q 
\/(o65)(0 817)(10-‘>) 


•= 04 



■n J V OSTEKHOUT 


SS5 


This agrees better with the observed ratio (0 S) than does the calcu 
lated value (0 7) given on page 549 On this basis therefore it would 
seem quite possible (with the rather dilute solutions here employed) 
to have some dissociation in B But the calculations involve as- 
sumptions and uncertamties (e g m regard to the ionic activity co 
efficients) This will be discussed m later papers 

The equation for the time curve may be regarded as empirical 
It implies that when no w atcr enters the rate of entrance of potassium 
may fall oft in a manner approximately exponential and that the 
entrance of water tends to produce an exponential decrease in con 
centration Hence the kmetics may be treated as that of con- 
secutiv e exponential processes This is, of course, only an approxi- 
mation but it may serve to prepare the ground for a more ngorous 
treatment 

At the start the observed time curves of concentration and of v olume 
lag behind the calculated This is to be expected since the calculated 
curve predicts that some potassium will enter C durmg the first sec 
ond but as a matter of fact it may take much longer for the first 
molecules of the potassium compounds to cross the non aqueous laj er 
and enter C The thicker the non aqueous la> er, the more con 
stneted in any region, and the slower the rate of stirring, the greater is 
the lag, so that the time curve of concentration might under some 
conditions become convex toward the base line at the start In 


When the concentration m S is small we mav use concentrations m place of ac 
tivities and Ea> that the concentration of diffus ing ion pai rs (i e of -1- (C“)') 
13 e qual to which is proportional to V" (Iw) (G ) and hence (page 536) to 

VfK.) (OH ) 

The partition coefficient would be affected If the concentration of potas- 
sium guaiacolate m B divided b\ that in be called 5 it is c\ndent that the value 
of tS will depend on the degree of dissociation m A and B If we put (46) So — 


(KG) + (h.G) we ha\c the following relations for dilute solutions With no dis 
sociation in B we ha^'e 5 + 5o » 1 — o, where 1 — a is the fraction of undisso- 

dated molecules in A With dissociation m B it can be shown that • (1 — o) 

oo 



where C is the concentration m A 


This enables us to 


estimate the value of k This w ill be discussed m later papers 
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View of this and other considerations we may expect considerable 
vanation in the time curve and this seems to be the case as far as can 
be judged from rough measurements made m some other experi- 
ments 

The situation in the model may well be analogous to that in F aloma 
and Nttella The protoplasm appears to consist of two non-aqueous 
layers corresponding to B„ and B , but having an aqueous layer between 
them The aqueous solutions corresponding to A and C are the ex- 
ternal medium and the sap, both of which are well stirred by convec- 
tion currents^® The cell wall, of course, corresponds to an un- 
stirred layer 

Note — After the acceptance of this article the attention of the 
author was called to a paper by Brooks and Brooks™ which deals 
with the kinetics of models In their paper diffusion constants 
and gradients are ignored on the ground that there are no unstirred 
layers Such a condition appears, however, to be unattainable in 
practice 

SUMMAKY 

An orgamc potassium salt, KG, passes from an aqueous phase. A, 
through a non-aqueous layer, B, into a watery solution, C In C it 
reacts with CO2 to form KHCOa The lomc activity product (K) 
(G) in C is thus kept at such a low level that KG continues to diffuse 
into C after the concentration of potassium becomes greater in C than 
in A Hence potassium accumulates in C, the osmotic pressure nses. 

By varying the values of ki and k« a vanety of curves can be obtained, some 
showing a progressive increase, others a decrease, and still others approximate 
constancj of k,, {cf Osterhout, W J V , Injury, recovery and death, in relation 
to conducU\nty and permeability, Philadelphia, J B Lippincott Co , 1922) In 
the last case the equations for a monomolecular reaction would apply 

In a senes of experiments wnth models we find mdications that all of these occur 
(depending on rate of sUmng, etc ) although the measurements are not precise 
enough to be used for mathemafacal anal} sis 

The extent of such stirrmg is often underestimated See footnote 16 

™ Brooks, S C , and Brooks, M M , / Cellular avd Comp Physiol , 1932, 2, 

53 
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and nater goes m A steady state is eventually reached m which 
potassium and water enter C in a constant ratio 
The rate of entrance of potassium (with no water penetrating 
into C) may fall ofif m a manner approximately exponential But 
aater enters and may produce an exponential decrease m concen 
tration This suggests that the kinetics may be treated hke that of 
two consecutive monomolecular reactions Calculations made on 
this basis agree very well with the observed values 

The rate of penetration appears to be proportional to the concen 
tration gradient of KG in the non aqueous layer and in consequence 
depends upon the partition coeffiaents which determine this gradient 
Exchange of ions (passmg as such through the non aqueous layer) 
does not seem to play an important role m the entrance of potassium 
The kmetics of the model may be similar to that of living cells 




XJLTRAFILTRATION 

n “Bound” Water (Hydration) op Biological CoLLoms^f 
By DAVID M GREENBERG akd MAX M GREENBERG 

(From the Divinon of Biochemistry, University of California Medical School, 
Berkeley) 

(Accepted for pubbcation, October Jl, 1932) 

INTRODUCTION 

At the present time there e-asts a very wide divergence of opinion 
regarding the state of the water in biological fluids and in solutions of 
the lyophilic colloids On the one hand it is held that the colloidal 
matend in these solutions is hydrated to a high degree and that the 
water “bound” by the colloids in this way differs m solvent properties 
from water m bulk This pomt of view is well illustrated by the fol 
lowing quotation taken from a recent review by Gortner (1) 

‘ more and more it is becommg evident that the water in living tissues 
and even in manimate colloidal systems does not exist wholl> as * free water 
such as characterizes irater m bulk a greater or smaller fraction of the water 

is intimately bound ' to the organic structures and becomes an essential part of 
the disperse phase as contrasted with the free water of the dispersion medium ” 

The opposite point of view is that all but a small fraction of the 
w ater in the biological and colloidal systems is in its usual solvent state 
Thus, A V Hill (2), Grollman (3), and Sundciman (4) have, in recent 
investigations, come to the conclusion that the "free” water of blood, 
blood corpuscles, muscle, egg white, and various other protein solu 
tions IS nearly equal to the total water content in these systems The 
status of the subject is rendered even more unsatisfactory by the wide 
divergence in the values of the “bound” water found in the same sys 
terns by the use of the different means that have been suggested for 

* Presented before the Philadelphia meeting of the American Soaet> of Bio- 
logical Chemists Apnl 1932 

t Aided by grants from the National Research Council and the Research Board 
of the UmiTrsitv 
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estimating the state of the water Concretely to illustrate this, we 
have collected in Table I the published figures for the "bound” water 
m gelatin solutions as determined by the various methods Gelatin 
was chosen for this illustrative table because it has been extensively 
studied Many other colloidal systems might equally well have been 
selected The table gives the method used, the content of gelatin, 

TABLE 1 


Published Values for the ‘'Bound” Water in Gelatin Solutions as Determined by 

Various Methods 


Method used 

Gelatin 

content 

Gm of “bound” water 
per gm of gelatin 

Authors 


ptT cent 

Sm 


Cryoscopic with sucrose as refer- 

1-5 

2 0 at lowest gelatin 

Newton and Mar- 

ence substance 


content to 1 0 at 
highest 

tin (5) 

Freezing out method, HaO meas- 


2 0 

Thoenes (6) 

ured calonmetncally 




Freezing out method, HaO meas- 

2-32 

4 7 at lowest gelatin 

Jones and Gortner 

ured with dilatometer 


content to 0 7 at 
highest 

( 7 ) 

Vapor pressure method 




Reference substance sucrose 

I 

3 0 

GroIIman (3) 

Reference substance RCl 

1 

3 0 

Grollman (3) 

Reference substance NaCl 

1 

1 0 

GroIIman (3) 

Freezing out method, analysis of 

12-40 

0 S3 

Moran (8) 

gelatin residue 




Contraction in volume 


0 OS 

Svedberg (9) 

Osmotic pressure deviation from 
van’t Hoff’s law 

1-14 

4 7 

Burk and Green- 
berg (10) 

Viscosity 

1-14 

7 at lottest gelatin 
content to 3 35 at 
highest 

Kunitz (11) 


the value found for “bound” -w ater per gram of gelatm, and the authors 
•uho earned out the investigation From the table it is seen, and this 
IS equally true for other systems extensively investigated, that there is 
no agreement whatsoever on the amount of water “bound” by the 
gelatin in solution 

The disagreement m part is no doubt due to the different physical 
properties that are measured by the vanous methods, but there is no 
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agreement even witli the same procedure It is seen m Table I, for 
example, that Thoenes, Jones and Gortner, and Moran each report 
different values of the “hound” water by the freezing out method 
Hill states that vanous methods of defining “free” water are possible 
and that the different definitions do not necessarily coincide with 
each other He defines the “free” water fraction as the weight of 
water in 1 gm of fluid or tissue which can dissolve substances added 
to It with a normal depression of the vapor pressure Any definition 
of “free” water, it is readily seen, is inherent in the physical nature of 
the particular experimental procedure employed and the statement 
that various ways of defining “free” water are possible sunply signifies 
that the different experimental methods which have been devised for 
determimng the state of the water do not measure the same intrinsic 
physical property 

Since all the colhgative properties of a solution are thermodynami 
cally mterrelated, and with suffiaent data are calculable one from the 
other, Hill's definition can he made more general by changing it to 
state that the wei^t of water in 1 gm of flmd or tissue which can 
dissolve substances added to it with a normal change m colhgative 
properties is the “free” water The “bound” water, it follows, is the 
water in the system which has lost its normal solvent properties 

On this reasoning, many of the procedures that have been used for 
determining the state of the water m biological and colloidal systems 
are identical in principle and should give the same results tor the fmc 
tions of “free” and “bound” water present It seems strange then 
that in the hands of one group of investigators, methods based on the 
same thermodynamic pnnaplcs should mdicate high values of “bound” 
water m systems in which another group of investigators find practi 
cally no ‘ bound” water The answer to the difficulty here would 
seem to he m the correct interpretation of the experimental results 
obtained That this interpretation is not abov e question is indicated 
by the fact that the significance of the results of the two chief methods 
in use, the freezing pomt lowering method of Newton and Gortner (12) 
and the vapor pressure lowering method of Hill (2), have recently been 
the subject of dispute 

Grollman (3) thinks that Newton and Gortner did not apply a suf- 
ficient correction for the water taken up for hydration b> the sucrose 
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used as the reference substance by these authors, while Sunderman (4) 
and Bnggs (13) conclude that no correction whatsoever should be made 
for the hydration of the sucrose Hill’s method comes under question in 
two ways In this method there is actually measured the temperature 
difference between the unknown and the reference solution due to an 
evaporation of water from one and a condensation on the other This 
temperature difference, it is assumed, is proportional to the vapor 
pressure difference between the two solutions It is possible that this 
proportionality may not always hold with some of the complex sys- 
tems mvestigated Another objection agamst Hill’s figures is based 
on Bnggs’ reasoning (13) that the absolute amount of water associated 
with a colloid (“bound” water) varies with the activity coefiBcient of 
the water with which it is m equihbnum and is not a constant frac- 
tion of the total water Since the activity coefficients of the water in 
the systems studied by Hill were not considered, the values of the 
“bound” water estimated were lower than the true amounts The 
reader is referred to Bnggs’ paper for the complete argument, which is 
too involved and extensive to be given in detail here 
On readmg over the hterature on the subject, the impression be- 
comes strong that the controversy is due largely to a failure m some 
quarters to appreciate the wide deviation in colhgative properties of 
the systems under consideration from those of an ideal solution The 
“bound” water hypothesis attempts to account for the departure from 
the ideal solution laws m systems contammg colloids in a manner 
analogous to the hypothesis of hydrates m solution which, at a little 
earlier period, had considerable vogue in explaming the deviation of 
crystalloid solutions from ideal solution laws (14) 

This IS simply and lUummatmgly illustrated by the directly meas- 
ured osmotic pressures of both protein solutions and certain crystal- 
loids such as sucrose As has been pomted out, among others by 
Burk and Greenberg (10), the osmotic pressure of even isoelectnc 
protem solution departs from van’t Hoff’s law starting with very 
dilute solutions and with crystalloids such as sucrose at higher molal 
concentrations The departure from van’t Hoff’s law both for the 
proteins and the crj’^stalloids has been attnbuted to the formation of 
hydrates vnth the solute and thus a loss of solvent properties by a 
portion of the water present This explanation was favored by Burk 
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and Greenberg But it is equally plausible, and more m harmony 
with the results to be given below, that the departure from van’t 
Hoff’s law IS due to other causes for the deviation from the ideal solu- 
tion laws than the formation of hydrates 

For these reasons, an mdependent method for determining the state 
of water, free from the difficulties of interpretation of the procedures 
based on the measurement of colhgative properties of solutions, would 
be of great value m testmg the “bound” water hypothesis With 
colloidal solutions, such as are here our concern, properly earned out 
ultrafiltration experiments offer such a method 

EXPERIMENTAL 

The generally accepted entenon of “bound” or hydrate water is 
that it has lost its normal solvent properties Accordingly, if a crys- 
talloidal reference substance is added to a colloidal solution it should 
distnbute itself only m the “free” water of the solution If a portion 
of the solution is ultrafiltered through a membrane which permits only 
the passage of the solvent and other crystalloids, holding back the 
colloidal constituents, the concentration of the reference substance in 
the ultrafiltrate liquor becomes a measure of the “free” water in the 
colloidal solution provided certam criteria gi\ en below are met The 
calculation of the “bound” water from such an experiment may be 
made as idllows Let Cj- be the concentration ol the relerence sub 
stance per 1 gm of total water in the system, P the amount of the 
colloid per gm of total water, and h the “bound” water per gm of 
colloid Then the concentration of the reference substance with 
respect to “free” water is given by 



C„, from what has been said, is the concentration per gm of water of 
the reference substance in the ultrafiltrated hqmd From this the 
bound water per gm of colloid m the solution is given by 



The conditions that may invalidate this method are that a part of 
the reference matenal reacts with or is adsorbed by the colloid In 
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such an event the reference substance would filter out in a lower con- 
centration than its value present in the original solution The other 
difficulty that may arise is one pomted out in the first publication of 
this senes (15) If an electrolyte is used as the reference material 
whep the colloid carries an electric charge, the ultrafiltration, as was 
there shown, becomes analogous to a Donnan membrane distribu- 
tion and the conditions necessary for evaluating the state of the water 
fail From this it follows that a non-electrolyte must be employed 
as the reference compound except m systems m which the colloidal con- 
stituents are uncharged 

The method proposed here for determinmg the state of the water 
was suggested by McBain and Jenkms (16), but their experiments 
were invahdated by the use of salts as reference substances with soap 
solutions Recently, McBam and Kistler (17) have employed this 
method to determme the hydration of sucrose m solution An analo- 
gous method, in which the reference substance is allowed to reach a 
diffusion equilibrium and the distribution is then determined, has 
been suggested by Weber and Nachmannsohn (18), Oda (19), and 
Eggleton (20) 

A study of the state of the water in a number of systems containing 
biologically important colloids has been carried out by the ultrafiltra- 
tion method outlined here The general ultrafiltration procedure was 
the same as that described in a previous pubhcation (15) The two 
reference substances generally employed were urea and glucose, but a 
number of salts were also used for this purpose with isoelectnc gela- 
tin solutions The solutions in these experiments, excepting blood 
sera, were made up by first prepanng the crystalloidal constituents m 
the desired concentration, a portion was set aside for the analysis of 
the reference substance and to another measured volume the desired 
amount of the dry colloid was added The colloidal solution was then 
subjected to ultrafiltration and the ultrafiltrated liquor was analyzed 
for the reference substance In this way, all the analyses were earned 
out on a basis of equivalent volumes The Van Slyke gasometric 
method was used for the urea analysis (21), and Hanes’ (22) modifica- 
tion of the Hagedom-Jensen method for glucose The determination 
of the salts in the ultrafiltrate expenraents with isoelectric gelatin was 
made by conductmty measurement 
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The data of the experiments are given in Tables II, III, and IV for 
solutions of gelatin, casern, and miscellaneous other colloids including 
blood sera The column headings in the tables give the content of the 
colloid, the crystalloidal composition of the solvent, the reference 

TABLE n 


Test for "Bound Water" of GdeUxn Solutions by UUrafiUraiion 


GeUtln 

covcentratloa 

Solvent compmlUoD 

Reference 

aatetence 

Reference 
substance In 
etSsioal toIuUon 

Reference 
subsUnce in tbe 
protein-free 
uftrofiltrate 

fer tent 

1 65 

0 01 N HO 

Urea 

Xm fet 1 itt 

1 09 

xw ter lUtr 

1 09 

2 20 

0 025 N HCl 

Urea 

2 00 

2 05 

2 67 

0 10 N HCl 

Urea 

1 29 

1 20 

2 54 

0 075 N HCl 

Urea 

1 40 

1 25 

2 74 

0 26 N HCl 

Urea 

1 38 

1 38 

3 00 

0 oil NNaOH 

Urea 

0 99 

0 95 


0 005 N KCl 

Urea 

1 13 

1 138 


0 01 N NaCI 

Urea 

2 11 

2 05 

2 73 

0 0075 N Ka 

Urea 

1 57 

1 60 

3 00 

HiO 

Urea 

1 415 

1 39 

3 00 

H,0 

Glucose 

1 00 

0 99 

3 38 

H,0 

Glucose 

1 00 

1 003 

3 11 

HjO 

Glucose 

1 1 00 

1 00 

2 63 

0 1 N NaCl 

Glucose 

1 00 

0 994 

3 16 

0 0013 N HCl 

Glucose 

1 158 

1 159 

4 85 

0 100 N KCl 

KCl 

0 100* 

0 0995* 

5 00 

0 100 N KCl 

KCl 

1 0 100* 

0 1000* 

4 80 

0 0500 N KCl 

KCl 

0 0500* 

0 W90* 

3 00 

0 0246 N NaCl 

NaCl 

, 0 0246* 

0 0245* 

3 12 

0 0165 K No,SO< 

Na,SO« 

0 W6S* 

0 0463* 

5 00 

H,0 

Urea 

9 87 

1 9 80t 

4 00 

0 005 N NaOH 

Urea 

9 87 

, 9 84t 

4 00 

0 091 N HCl + 

Urea 

26 70 

26 60t 

5 00 

0 OS N NaCl 

0 1 nKCI 

[ Urea 

26 70 

, 26 80t 


* Concentration in gnun equivalents per liter 
t Urea determined b> Kjeldahl method for nitrogen 


compound used, and the analytical figures for the reference substance 
in the onginalsolulionandm theultrafiltratc ^lostly small concentra 
tions of reference substance were used, purposely, so that the objee 
tion could not be raised that in some tv ay the amount of reference 
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substance upset the usual state of the water in the colloidal solutions 
The use of urea as a reference substance has been deprecated because 
it manifests abnormal coUigative properties, but smce the measure- 
ments depend merely on the analysis of the total amount of urea, the 
objection can have no weight here 


TABLE ni 

Test for "Bound Water" of Casein Solutions by UUrafiUralton 


Casein 

concentration 

Solvent composition 

Reference 

substance 

j Reference 

substance in 
original solution 

Reference 
substance in the 
protein free 
ultrafiltrate 

fer cent 

3 25 

0 023 N NaOH 

Urea 

gm per liter 

1 435 

gm per tiler 

1 425 

2 28 

0 05 ^ KOH -l- 
0 01 N KSCN 

Urea 

1 45 

1 45 

1 75 

0 01 N KOH + 

0 02 N KCsHsOj 

Urea 

0 78 

0 79 

1 IS 1 

0 0067 N KOH + 

0 03 N KCjH,0. 

1 

Urea 

0 78 

0 78 

3 46 

0 030 N KOH + 

0 019 N KsCsO* 

Urea 

! 

0 61 

I 0 60 

1 44 

0 012 N KOH + 

0 0145 N KeCiO, 

1 

Urea 

i 

0 57 

0 59 

2 66 

0 0145 N NaOH 

Glucose 

0 979 

0 986 

2 94 

0 0154 N NaOH 

Glucose 

0 882 

0 882 

2 27 

0 0119 \ NaOH 

Glucose 

0 909 

0 907 


If It IS accepted that “boimd” water loses its usual solvent proper- 
ties, the figures given in the tables convincmgly lead to the conclusion 
that vuthm the limits of error of the methods of analysis there is no 
detectable amount of “bound” water in solutions of gelatin, casein, 
blood sera, glycogen, or starch, dissolved in the solvent mixtures here 
employed Here and there an individual e\-penment may give a differ- 
ent impression but these are to be set dowm to analytical errors One 
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way in which the presence of "bound” water in these expemnents 
might have been concealed is that an adsorption of the reference com- 
pound by the colloid takes place in just exactly the right amount to 
balance the increase m its concentration in the ultrafiltrate due to 
the “bound” water But it seems mconceivable that such would be 
the case with all the colloidal matenals, and with the different refer- 
ence substances of these experiments Particularly should it be noted 
that in the gelatin solutions no mdication of the presence of consider 


TABLE rv 


Taifor ‘^Sound of Htsceltaneous CoHotdaJ Sotulwtis 


Colloidal aolotiOQ 

RtfettDce 

subsUace 

Reference 
tubaUnce in 
cmsiiul BolotJOD 

Reference 
rabstance m 
the ultrsSltnte 

i 

Blood senun (dog) 

Urea 

liter ' 

0 590 : 

tm ferUter 

0 590 

Blood serum (beef) 

Urea 

0 440 

0 420 

Blood serum (beef) j 

Urea 

0 287 

0 292 

Blood serum (pig) 

Urea 

0 260 

0 270 

Blood serum (beef) 

Glucose 

1 16 

1 IS 

Blood serum (beef) 

Glucose 

1 14 

1 13 

5 per cent soluble starch solution 

Urea 

2 06 

2 075 

6 S per cent com starch solution 

Urea 

1 63 

1 63 

1 0 per cent pectm solution 

Urea 

2 20 

2 10 

5 0 per cent glycogen solution 

Urea 

1 224 

1 1 220 

4 0 per cent glycogen solution 

Urea 

; 1 224 

1 218 


able amounts of “bound” water is given by five separate compounds 
used as reference substances 

The experimental results given reduce the amount of water possibly 
“bound” by these colloids to a small fraction of a gm of water per 
gram of colloid or less We do not wish to deny that water in 
these small amounts may be associated with the proteins and the starch 
and glycogen examined, but the presence of the huge values of “bound” 
water up to several grams of water to each gram of protein, as listed 
in Table I for gelatm, is in our eyes not tenable 

These experiments have an important significance for the current 
thcones of the stability of colloidal solutions The lyophiUc colloids, 
which include most of the biologically important colloids, are largely 
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stable m solution even in an uncharged condition This stability 
has been attributed to these colloids being highly hydrated so that the 
films of the hydrate water prevent the colloids from coalescmg when 
they collide due to the Brownian movement, and thus keep them 
from flocculatmg out of the solution This viewpomt has been most 
prommently cultivated by Kruyt (23) and his coworkers With the 
failure of the hypothesis of a high hydration, it becomes also necessary 
to revise the theory of stability based upon it We would propose in 
its place an extension of the Langmuir-Harkms theory of molecular 
onentation Significant in this connection is the followmg statement 
taken from a paper published by Langmuir in 1925 (24) “It is reason- 
able to assume that the field of force about any particular group or 
radical m a large organic molecule is charactenstic of that group and, 
as a first approximation, is independent of the nature of the rest of 
the molecule ” It seems plausible then that the nature of the force 
fields of particular groups and the number of these groups in a lyo- 
philic colloid determme its stability in solution A preponderance of 
polar groups would favor dispersion in a polar solvent such as water 
Measures that augmented the force fields of the polar groups would 
increase the stability, e g , ionization On the other hand, a decrease 
in the force fields would decrease the stability The reagents which 
are assumed to produce flocculation by dehydration probably act in 
this way 


SUMMARY 

Assummg that “bound” water loses its solvent properties, it is shown 
by an ultrafiltration method that in solutions of gelatin, casein, 
starch, and glycogen, and in blood serum, only a very small fraction 
of the water can be associated with the colloids in this form 

BIBLIOGRAPHY 

1 Gortner, R A , m Luck, J Ivl , Annual re\new of biochemistry, Stanford Uni- 

versit> , Stanford University Press, 1932, 1, 21 

2 Hill, A V , Proc Roy Soc London, Senes B, 1930, lOB, 477 

3 GroUman, A , J Gen Physiol , 1931, 14, 661 

4 Sunderman, W P , / Bio' Cherr , 1932, 96, 271 

5 Nenton, R , and Martm, W McK , Canad J Research, 1950, 3, 336, quoted 

from (7) 



DAVID M GREENBERG AND MAX M GREENBERG 


569 


6 Thocnes, F , Biochcm Z , 1925 167, 174 

7 Jones, I D , and Gortner, R A , J Phys Chcm , 1932, 36, 387 

8 Moran, T , Proc Roy Soc I^ndon, Series A, 1926, 112, 30 

9 Svedberg T,/ Am Chcm 5oc , 1924, 46, 2673 

10 Burk, N F , and Greenberg, DM,/ Biol Cfiem , 1930 87, 197 

11 Kunitz,M,/ Gen PAynoi , 1926-27, 10, 811 

12 Newton, R , and Gortner, R A , Bot Go- , 1922, 74, 442 

13 Bnggs, D 1 , 7 Pkys Oiem , 1932, 36, 367 

14 Jones, H C , The nature of solutions New York, D Van Nostrand Co , 1917 

15 Greenberg,!) M , and Greenberg, M , 7 Biol CAcm , 1931, 94, 373 

16 McBam, J W , and Jenkins, W J , 7 Chem Soc , 1922, 121, 2325 

17 McBam, J W , and Kistler, S S 7 Phys Chem 1929^ 33, 1806 

18 Weber H H and Nachmannsohn, D ,Broc/jcm 1929, 204, 215 

19 Oda, T Bxochem Z , 1930, 218, 459 

20 Eggleton, cited by Hill (2) 

21 VanSlyke,D D,7 Btol CAem , 1927, 73, 695 

22 Hanes M , Biodiem 7 , 1929 23, 99 

23 Kniyt, H R , Colloids, New York John Wfley and Son, 2nd edition, 1929, 

Colloid symposium monograph, New York, The Chemical Catalog Co , 
1928, 6, 1 

24 Langmuir I, Colloid sjinposium monograph, New "Vork, The Chemical 

Catalog Co , 1925, 3, 48 




SIMILARITY or THE KINETICS OF INVERTASE ACTION 
IN VIVO AND IN VITRO HI 

Ev J M NELSO'J AMD B G WILKES 
(From //« Deparlment of Chemistry Columbia University, New I ork) 
(Accepted for pubbcation, October 20 1932) 

It has been pointed out in the initial paper of this senes (1) that in 
the hydrolysis of sucrose by the cnzjTne, mvertase, the course of the 
reaction is identical both when mvertase solutions and when living 
yeast cells are used as the source of mverting activity A second 
companson (2) of the kinetics of mvertase action iti vivo and tn vitro, 
m which the pH activity relationship of the enzyme was studied under 
these two conditions, showed that the activity of this hydrolytic 
enzyme was affected by changes m the IH+] of the reaction medium 
in exactly the same manner and to the same extent both when the 
enzyme used had been extracted from the yeast cells by autolysis and 
when the living yeast cells themselves were used as the source of the 
inverting action As a result of this identity it was suggested that 
the sucroclastic action of hve yeast cells is located in the outer region 
of the cells where their mvertase content would be most freely exposed 
to the effect of changes m the pH of the suspending medium In 
an effort to obtain more evidence to support this suggestion it was 
decided to investigate a third kinetic relationship, the effect of chang 
mg sucrose concentration upon the hydrolytic activity of yeast cells 
and of mvertase solutions obtained therefrom 
Of the many investigations of the effect of the concentration of 
sucrose upon the velocity of its hydrolysis by means of mvertase 
solutions, the first complete one is that of Ingersoll (3) who found that 
the xeloaty of hydrolysis increases ivith increasing sucrose concen 
tration, reaching a maximum at about S per cent, beyond which the 
xeloaty steadily decreases It was subsequently shown by Nelson 
and Schubert (4) that this decrease in veloaty is caused largely by 
the diminution of the water concentration as the sucrose concentra- 
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tion increases, thus, the concentration of water as well as of the 
sucrose is a factor which influences the kinetics of invertase action 

In this work the effect of changing the sucrose concentration over 
the range of from 2 to 25 per cent upon the velocity of sucrose inver- 
sion by livmg yeast cells and by invertase solutions prepared from 
them IS determined and compared 

EXPERIMENTAL 

Effect of Varying Sucrose Concentrations upon the Hydrolytic Activity 

of Invertase Solutions 

The invertase preparation used was prepared by autolyzmg Saccharomyces 
ceresistm with toluene and water The invertase was precipitated from the autoJ- 
j sate in 50 per cent ethyl alcohol and extracted from this precipitate with water 
In determming the velocities of hydrolysis 25 cc of the enzyme solution were 
pipetted mto 100 cc of sucrose solutions of such concentrations as to give final 
sucrose concentrations of 2, 5, 10, 15, 20, and 25 per cent The hydrolyzmg solu- 
tions contained 0 01 m acetate buffer, pH 4 5, and were kept at 25° ± 0 01°C 
during the reaction At recorded tune intervals 25 cc samples were removed 
and to each was added a drop of sodium hydroxide solution of sufficient strength 
to raise the pH to 8-9, at which pH hydrolysis ceases After allowing time for 
mutarotation to occur the samples were polarized at 25°C in a 2 dm tube using a 
mercuiw arc hght of wave length 546 1 iijs. 

The results of these experiments are presented m Table I 

Effect of Varying Sucrose Concentrations upon the Hydrolytic Activity 

of Living Yeast Cells 

The inverting agent in these expenmen ts was a suspension of 
washed, pressed S ccreroisiae 25 cc of this suspension were pipetted 
into 100 cc samples of sucrose solutions of such concentrations as to 
gi^e final sucrose concentrations of 2, 5, 10, 15, 20, and 25 per cent 
The h\drolyzing mixtures containing 0 01 ji acetate buffer at pH 4 5 
V ere shaken continuously in a thermostat at 25° ± 0 01°C 25 cc sam- 

ples w ere removed and inversion stopped as desenbed above and were 
immediately filtered cell-free through porous bottom Gooch crucibles 
The filtrates w ere polanzed as in the preceding expenments 

The results of these experiments are presented in Table II, a 
and h 
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The results tabulated m Tables I and II are represented graphically 
by Fig I m which the veloaty of hydrolysis is plotted against sucrose 
concentration 


TABLE I 


Vanaiton of Bydrolyltc Actmly of Imcrtase SoltUtons vnth Suorose Conccnttalton 


Sucrose coQcentntion 
per 100 cc of solutioq 

AT 

RoUtlon 

4 JlotatioD 

Cbuee per nun. 
(mean value) 

tm 

fflIK 

itttttt 

deiTtes 

dtlTM 

2 

0 

3 13 




6 

2 80 

0 33 1 



1 12 

2 47 

0 66 

0 0548 


18 

1 2 15 

0 98 


5 

0 

, 7 86 

i 1 



6 

7 45 

0 41 1 



12 

7 06 

0 80 

0 0674 


18 

6 65 

1 21 


10 

0 

15 64 

! 



10 

14 99 

0 65 1 



20 

14 36 

1 28 

0 0M4 


30 ' 

13 71 1 

1 93 i 


15 

0 1 

23 43 

0 59 1 



10 1 

22 $4 




20 

22 23 

1 20 

0 0597 


30 

21 63 1 

1 80 


20 

0 

31 23 

i 



10 

30 70 

0 53 



20 

30 13 

1 10 



30 ' 

29 60 

1 63 

1 0 0541 

25 

0 

39 03 




10 ' 

38 55 

0 48 



20 

38 03 

1 00 

1 0 0492 


30 

37 54 

1 49 



The veloaty sucrose concentration curves obtained bj using yeast 
cells are practically identical with that obtained by using a solution 
of invertase obtained from the same ^ cast and all three curves are in 
agreement anth those of IngersoU (3) and of Nelson and Schubert (4) 










574 


KINETICS OF INVERTASE 4CriON HI 


in that, after reaching a maximum at about 5 per cent, the velocity 
gradually falls off as the sucrose concentration is increased Since 
Nelson and Schubert have shown that the shape of this curve is the 


TABLE ii, a 


Vanakon of Eydrolyhc Aclivtly of Yeast Suspoiswns with Sttcrose Concentration 


Sucrose coacentiation 
per 100 cc of solution i 

4T 

Rotation 

A Rotation 

Cbonse pertain 
(mean value) 

\ 

nttn 

desrees 

decrees 

degrees 

2 


3 13 




7 

2 67 

0 46 


i 

17 

2 01 

1 12 

0 0658 

1 

21 

1 75 

1 38 


5 

0 

7 85 




7 

7 30 

0 55 



17 

6 51 

1 34 

0 0783 

1 

27 

5 76 

2 09 


10 

0 

15 63 




7 

15 10 1 

0 53 



17 

14 34 

1 29 

0 0760 


27 

13 57 

2 06 


15 

0 

23 47 




7 

22 97 

0 50 

I 


17 

22 26 

1 21 

! 0 0710 


27 

21 57 

' 1 90 

! 

20 

0 

31 31 




7 

30 85 

0 46 



17 

30 20 

1 11 

0 0655 


27 

29 54 

1 77 


25 

0 

39 15 




7 

38 73 

0 42 



17 

38 11 

1 04 

0 0608 


27 

37 50 

1 65 



result of the two \an,nng factors, sucrose concentration and water 
concentration, this identity of results tn xmo and m vitro indicates that 
the invertase of the } east cell is as freely exposed to the conditions 
of sucrose and water concentrations which prc\ail in its suspending 






J M NELSON AND B G WILKES 


57s 


medium, and is just as sensitive to changes in these two vanables as 
if It were contamed m a cell free solution 
The results of the investigation of this third kinetic relationship are 
entirely m agreement with the suggestion made in the second paper 


TABLE n, b 


Sucrose concentration 
per 100 cc of solution 

AT 

Rotati n 

A Rotation 

Cbanse per inin 
(mean value) 

gm 

ffl R 

d^grtis 

degrtes 

dfgrat 

2 

0 

3 IS 




6 

2 77 

0 38 



i 

2 44 

0 71 

0 0641 


16 

2 12 

1 

1 03 


5 

0 

7 83 




7 

7 29 

0 54 



17 

6 53 

1 30 

0 0769 


27 

5 75 

2 08 


10 

0 

15 64 




7 

15 11 

0 S3 



17 : 

14 36 

1 28 

0 075S 


27 

13 60 1 

2 04 


15 

0 

23 45 ' 




7 

22 96 

0 49 



17 

22 27 

1 18 

0 0697 


27 

21 57 

1 83 


20 

0 

i 31 33 




7 

30 88 

0 45 



17 

30 24 

I 09 

0 0(>11 


27 

29 61 

1 72 


25 

0 

39 11 




7 

! 38 69 

0 42 

0 0595 


17 

38 11 

1 00 



27 

37 50 

1 61 



of this senes (2) to the effect that the invcrtase of veast cells exerts its 
physiological activitj neither in the cell sap nor in the cytoplasmic 
laver surrounding it, hut in a region closer to the external surface of 
the cell where the effect of changing env ironmental conditions, either 
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hydrogen ion or sucrose and water concentrations, would be most 
pronounced 



Grams Sucrose per 100 cc. So/uhon 

Fig 1 


The proof that the \east cells used in this ^ork were living after 
being suspended m a 25 per cent sucrose solution for 30 minutes i\as 
obtained by using the procedure employed in the preceding article (2) 
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SUMMARY 

1 The relationship of sucrose and water concentration to invertase 
activity »» mvo and tit vitro has been studied under the same environ 
mental conditions 

2 The sucroclastic activity of 5 cermstae cells and of invertase 
solutions prepared from them reacts to changes in sucrose and water 
concentration in an identical manner 

3 The invertase contamed in living yeast cells is just as freely ex 
posed to the conditions of sucrose and water concentrations of the 
suspending medium as it would be if it were contained in a cell free 
solution Weight is added to the previous suggestion (2) that yeast 
invertase exerts its physiological activity in a region quite close to the 
surface of the cell 
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AN EXPERIMENTAL COMPARISON OF DIFFERENT 
CRITERIA OF DEATH IN YEAST* 

By otto RAHN and MARGARET NOBLE BARNES 

(From the Laboratory of Bacteriology^ Bewl ork Stale College of Agriculture, Cornell 
University, Ithaca) 

(Accepted for publtcahon November 22 1932) 

Definitions of death are mostly negative We call an organism 
dead when it shows no more the symptoms which we consider diar- 
actenstic of life Staining with certain dyes, which is frequently used 
as a distinction between hving and dead cells, is also a negative cn- 
tenon, being caused by the loss of selective permeability of the plasma 
membrane The standard defimtion of bacteriologists considers a 
bactenum dead if it does not produce colonics on agar, the critcnon 
15 loss of reproductive power 

To establish a basis for comparison, the authors compared the death 
rates of a pure culture yeast as measured by various cntena The 
yeast was a bottom fermenting beer yeast, grown on raisin extract 
+ 05 per cent yeast extract + 05 per cent KHjPOj After 2 days’ 
groivth at 30°, the yeast was centnfuged from its medium and kept 
near 0° in a buffer solution of pH 4 6 
The criteria observed were (1) loss of reproduction, measured bj 
the plate count on raisin agar, (2) loss of fermentation, measured b> 
the COi pressure from 3 cc of yeast suspension m glucose, bj means of 
a fermentometer (Rahn, 1929), (3) change of staining reaction, mcas 
ured by mixing equal amounts of yeast suspension and 0 01 per cent 
methylene blue solution, (4) loss of selective permeability, measured 
bj mixing equal parts of yeast suspension and 0 2 per cent Congo red 
solution Cells which are stained by the last two methods are con 
sidered to be dead In addition to this, the coagulation of the proto 
plasm was observed occasionally, in the dark field (Bancroft and 
Richter 1931) as well as in the light field 

* This mscstigation has been made possible through a grant b> the Hcckscher 
Research Foundation 
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Four causes of death were tested (a) high temperature, near 50°C , 
(b) chemical poisoning, represented by HgCl 2 , (c) ultraviolet light, 

TABLE I 


Survivors of Yeast Cells, under Various Conditions, Measured by Different Criteria 


Tune of exposure 

Plate count, cells 
per cc 

Mercury pressure 
m 6 min 

from 3 cc of yeast 
suspension 

Percentage of cells not stained by 

Methylene blue 

Congo red 

Exposed to 0 02S per cent HgCh 

mitt 


mm Eg 

Per cent 

per cent 

0 

382,000,000 

21 6 

100 

100 

2 5 

170,500,000 

6 75 

83 4 

82 6 

5 

86,900,000 

3 40 

64 8 

58 4 

10 

31,600,000 

2 40 

34 8 

47 8 

20 

8,500,000 

1 20 

13 6 

26 4 

40 

130,000 

— 

7 9 

9 4 

Exposed to 50°C 

0 

264,000,000 


100 

100 

2 5 

253,000,000 


94 3 

93 0 

5 

234,800,000 

7 00 

87 2 

85 9 

10 

46,700,000 

6 00 

82 9 

82 4 

20 

1,100,000 

3 00 

75 7 

71 8 

40 

10,000 

0 20 

20 0 

17 7 

Exposed to ultraviolet light 

0 

489,500,000 

31 3 

■PH 


2 5 

302,500,000 

25 5 



5 

390,500,000 

21 3 



10 

135,300,000 

20 0 



20 

16,200,000 

19 0 



40 

500,000 

13 8 

■U 


Exposed to x-rays 


630,000,000 

35 6 



2 5 

545,000,000 

36 0 



5 

445,000,000 

34 0 




282,000,000 

30 7 




170,000,000 

24 0 

106 2 


40 

145,000,000 

24 0 

100 9 



from a mercury vapor lamp, unfiltered, {d) x-rays, from two Coohdge 
tubes, one operated at 80 kv , 4 ma , with the yeast about 10 cm from 
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the molybdenum target, and the other with 100 kv , IS ma , with the 
yeast 16 to 23 cm from the tungsten target 

TABLE n 


Percentage oj Survivors as Measured by Various Defintlious 


Time of exposure 

Plate count 

COt pressure 

Cells not stained by 
methylene blue 

Exposed to 50 8 C 

nfn 




0 

100 

100 

100 

2 5 

83 S 

90 2 

90 1 

5 

20 3 

35 2 

44 5 

10 

0 0002 

S 1 

39 6 

20 

0 000006 

2 S 

19 5 

40 

0 

0 

0 

Exposed to 0 025 per cent HgCIi 

0 

100 

100 

100 

2 S 

44 S 

31 2 

83 5 

S 

22 7 

15 7 

64 8 

10 

8 3 

n 1 

34 8 

20 

2 3 

5 5 

13 6 

40 

0 3 

- 

7 9 

Exposed to ultraviolet light 

0 

100 

100 

100 

2 5 



103 4 

5 



100 

10 



94 2 

20 


60 0 

94 5 

40 


39 0 

85 8 

Exposed to X rays 

0 

100 

100 

100 

2 5 

96 4 

94 5 

98 6 

5 

95 0 

97 8 

99 3 

10 

79 0 

97 8 

99 3 

20 

76 0 

98 7 

97 9 

40 

21 4 

78 4 

95 8 


In each experiment, the survivois, as measured by the \anous 
entena, were determined after 2 5, 5, 10, 20, and 40 minutes* expo 
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sure to the harmful influence In the case of HgCh, 1 cc each of 
0 1 molar potassium sulfide and 0 5 per cent ammonium chlonde were 
given to 4 cc of yeast suspension at these intervals, as antidote 
Samples of the results obtained by this method of procedure are 
shown in Table I 

From these data, the percentages of survivors for each cri tenon of 
death were computed Table II shows the kind of data obtained 
They show that with the four causes of death, the different cntena 
do not appear simultaneously Only between the two dyes, no essen- 
tial difference was observed, and they will be treated here as identical 
cntena The decrease in the power of reproduction is always much 
larger than that of fermentation, and this again is larger than the 
decrease in resistance to dyes There was practically no difference 
between the two dyes tested, methylene blue and Congo red, though 
it IS supposed by some authors that the first might indicate loss of the 
reduang power of the protoplasm, while the other indicates the per- 
meabihty of the plasma membrane 
In drawing conclusions from these data, it must be remembered 
that we are deahng with averages, and not with individual cells We 
observe that more cells lose the reproductive power than the capacity 
to ferment It is only an assumption, however, if we state that a cell 
first loses its faculty to grow, and then the faculty of fermentation, 
and third, the faculty of selective permeabihty It has not been 
shown that only those cells which have lost the power to make colo- 
mes, lose their fermentative powers, and that this must precede the 
staimng with dyes There is some evidence for part of this sequence, 
but no proof Since we have no means of separating “hvmg” from 
“dead” cells, this proof could be brought only by observing the suc- 
cession of cntena in isolated cells This seems not entirely impos- 
sible, but very difficult to do 

For each cntenon in each expenment, the death rate can be com- 
puted Plotting the loganthms of the percentages of survivors against 
time, the resulting survivor curves are either straight hues or “sagging” 
curves Rarely were bulging curves obtained 

Basically, the formula for the death rate with straight, and even 
with sagging, survivor curves (Rahn, 1930) is 

“ log b) 
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where a is the initial number of cells and b the survivors after the time 
t Calculating the survivors in percentages of the initial number, 
we have 


a: = (2 -log 6) 

For different entena of death in the same eicpenment, the formula 
would be 


r - 1 (2 - log i. ) 

K' - i (2 - log I. ) 

The ratio of these two rates which indicates how much faster the one 
symptom appears than the other, is 

E. _ ^ ~ ‘°s ^ 

a:' “ 2 - log > 

Instead of computing these ratios, they were obtained graphically 
from the smoothed logarithmic survivor curves where 2 — log b can 
be measured directly and accurately The ratio is correct only when 
the survivor curves are rectilinear When they arc all sagging, the 
ratio IS fairly accurate, for the sagging indicates that the more sensi 
tive individuals are affected essentially m the same way In the few 
cases where the curves for one entenon go one way and for another 
entenon in a different way, no reliable comparison is possible, these 
cases have been omitted 

The ratios are given in the next table In order to allow direct 
companson and a\ craging of the data, the ratios are all computed so 
that the loss of fermentation is 1 m each case 

Discussion of Results 

The av erages of the death rate ratios appear as the most interesting 
result of this inv estigation There is a tendency in these averages of 
the plate count ratio to increase with time In the case of death by 
ultraviolet light, this increase is so large, and at the same time, a cor 
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responding decrease of the methylene blue ratio is so conspicuous 
that this cause of death will be treated separately 
In averaging all the data of death caused by heat and by bichloride 
of mercury, the ratio of death as indicated by methylene blue, by 


TABLE in 


Ratios of Death Rates 


Methylene blue staimns 


COj 


Loss of reproduction 


Death by heat 


1 

1 

Exp 

xin 

Eip xrv 

Eip 

XV 

Exp 

XVI 


Exp 

XIII 

Exp 

XIV 

Exp 

XV 

Exp XVI 

rttn 










2 5 

1 00 

0 14 

0 14 

1 63 ; 

1 

1 60 

0 09 

1 08 

1 75 

5 

0 56 

0 16 

0 15 

0 77 ; 

1 

1 30 

0 14 

1 57 

0 46 

10 

0 31 

0 14 

0 10 

0 52 

1 

3 10 

1 34 

1 81 

2 58 

20 

0 41 

0 15 

0 17 

0 51 

1 

3 24 

1 80 

3 06 

1 66 

40 

— 

0 66 

1 

0 54 

1 

— 

4 31 

— 

— 


Averages 

rttn 










2 5 




0 73 

1 

1 13 




5 




0 41 

1 

0 88 




10 




0 27 

1 

2 21 




20 




0 31 

1 

2 44 




40 




0 60 

1 

— 





Death by HgCl; 



Exp 

XXI 

Exp 

XXIV 

Exp 

XXV 

Exp 

XXVI 


Exp 

XXI 

Exp 

XXIV 

Exp 

XXV 

Exp 

XXVI 

frjfj 

■1 

■■ 

■1 





■i 

'■■III 

2 5 




0 09 

1 

1 30 


mm 


5 

to 



0 36 

■■ 

1 18 


HI 


10 

0 26 

0 56 

rm 

0 S3 

■■ 

1 78 


1 08 


20 

0 27 

0 96 

0 70 

0 S3 

1 

2 34 


1 30 


40 

0 37 

— 

_ 

— 

1 

2 50 



mil 


erages 

r’tr 










2 5 




0 22 

1 

1 16 




5 




0 32 

1 

1 00 




10 




0 53 

1 

1 54 




20 




0 69 

1 

1 79 






































OTTO RAHN AKD ItARGAEET NOBLE BARNES 


585 


TABLE HI — Cotlcluded 



fermentation, and by plate count, is 0 46 1 1 52, or, in round numbers 
1 2 3 

With X rays death as indicated by methylene blue or Congo red 
was too slow to be measured Even the fermentation n as but shghtly 
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reduced, and the ratio of fermentation to plate count was very large, 
averaging 8 5 This difference is important It indicates that loss 
of reproduction is not the immediate cause of the loss of fermentation 
If so, the ratio should be approximately the same with all causes of 
death 

In death by ultraviolet hght, the ratios do not remain constant, but 
increase with the time of exposure While at first, after 2 5 minutes, 
the ratios of death by the three S 3 miptoms are 0 3 11 16, or roughly 
13 4, they increase after 40 rmnutes to roughly 1 20 110 Death 
as indicated by methylene blue is very slow, and it seems that only a 
few weak cells are killed rather early while the rest are too resistant to 

succumb to these rays But the ratio ^^™^^tation increasing 

Plate count 

with time The survivor curve for the plate count is nearly recti- 
Imear, while that for fermentation is distinctly sagging This appears 
strange because we are deahng with the inactivation of an enzyme, 
if this were a multimolecular process, the curve should bend m the oppo- 
site direction The curve suggests that the enzyme molecules are 
not all equally resistant to ultraviolet hght, some are more easily 
inactivated than others 

Loss of reproduction may be caused by a chenucal change of one 
gene It may or may not involve the repair mechanism of the cell 
If the cell has lost the faculty of substituting new molecules for those 
used up in endogenous catabolism, the fermenting capaaty must be 
expected to decrease, but this decrease is very slow (Rubner, 1913), 
even more so than that observed under the influence of x-rays This 
would suggest that the loss of fermenting capacity as observed in 
these experiments must be largely due to a direct action of the harm- 
ful agent upon the enzyme itself It should be remembered, however, 
that the Z 3 miases are for the most part not hberated, but combined 
vath some part of the protoplasm, and that death of the cell means 
inactivation of this portion of the zymase (Rubner, 1913, von Euler 
and Lindner, 1915) Since the type of the compounds to which the 
zjnnases are anchored and their biological sigmficance are not known, 
nothing further can be concluded from the matenal at hand 

The tendency for the ratio of loss of reproduction to loss of fermen- 
tation to become larger vith time indicates that the survivor curves 
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of the two processes are not both strictly rectilinear lather the 
slower process has a shghtly sagging curve, or the faster process a 
shghtly bulging curve 

The loss of selective permeabihty is considerably slower than the 
loss of fermenting capaaty The ratio fluctuates greatly because the 
error m the determinabon of survivors is quite large The ratio is 
approximately the same with death by heat and by chemical poison 
mg With X rays, there was no death at all outside the hmits of 
error when methylene blue was used as cntenon, and v ery httlc death 
with ultraviolet hght 

It IS not possible to deade from these expenments whether loss of 
fermentation is the prereqmsite for dye penetration If some energy 
should be reqmred to keep the cell membrane semipermeable, loss of 
fermenting capaaty may mean loss of all energy, and therefore loss 
of sermpermeabihty It is just as hkely, however, that the heat or 
poison acts upon the cell membrane as well as on zymases and chromo 
somes, and ulbmately bnngs about loss of selective permeabihty in 
dependent of the changes in the inner cell mechanism 

The last cntenon tested was the coagulabon of the protoplasm which 
has been claimed by Bancroft and Richter (1931) to be the fundamen 
tal reaction of death in disinfection expcnments The coagulation 
of yeast plasma under harmful influences, as seen in the dark field, 
IS a very gradual process The normal yeast cells contained ordinanly 
only one or two reflecting granules The number of these granules 
increased under adverse conditions, and the dcasion whether a cell 
should be called coagulated or not is entirely arbitrary 

A > east suspension was mixed with an HgCl solution so as to con 
tain 0 025 per cent HgClj A drop of this rmxture was placed in the 
dark field, and the number of "living” and "dead” cells counted every 
minute, with continuous shifting of the field, and with occasional re 
newal of the drop from the same suspension After 2 5, 5, 10, 20, 
and 40 minutes, samples of the same suspension w ere shaken with the 
antidote mixture, and were investigated as usual The result of one 
such expenment is given in Table IV and Tig 1 

Coagulation of the protoplasm is the last evidence of death to appear, 
even though the authors considered the yeast cells coagulated long 
before they became as opaque as shown in the microphotographs by 
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TABLE IV 


Percentages of Survivors as Measured by Various Criteria 


Time of 1 

erposure 

Coagulation 

Methylene 

blue 

Plate 

Time of 
exposure 

Coagulation 

Start 




tnin 


m\n 

83 5 

71 4 

100 0 

22 

75 

2 

76 



23 

65 

2 5 

— 

31 6 

0 7 

24 

49 

3 

76 



25 

42 

4 

83 



26 

69 

5 

62 

23 7 

0 

27 

59 

6 

76 



28 

30 

7 

80 



29 1 

26 

8 

76 



30 

22 

9 

67 



31 

11 

10 

67 

4 8 

0 

32 

24 

13 

80 



33 

! 8 

14 

65 



34 

8 

15 

62 



35 

17 

16 

70 


j 

36 

9 

17 

70 



37 

9 

18 

76 



38 

5 

19 

67 



39 

1 

20 

66 

0 

0 

40 

0 

21 

43 



1 




Fig 1 Loganthmic sumvor curves for the same yeast m 0 025 per cent HgClj 
measured bj different cntena 
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Bancroft and Richter There is a long penod of no deaths, and the 
loganthimc survivor curve is very bulging, which makes an accurate 
calculation of the death rate impossible Using the datum of the 30 
mmute penod for the coagulation rate, the following ratios are ob- 
tained 


CoagalatioQ methylene blue plate count ■> 1 6 43 

It IS very improbable from these facts that coagulation of the pro 
toplasm IS the real cause of death, t e , the fundamental reaction Co 
agulation should not be considered as an explanation of disinfection, 
because the term disinfection is standardized as the loss of reproduc- 
tive poiv er of microorganisms, and this loss occurs forty times as fast 
as coagulation 

Coagulation in the hght field can be observed soon after coagula- 
tion m the dark field No quantitative measurements of this cn 
tenon have been made 

The senior author has advanced the theory that the loganthimc 
order of death of bactena, which contrasts stnkingly with the order 
of death of higher organisms, may be brought about by the fact that 
the destruction or inactivation of one single molecule (c g in one cer 
tarn gene) prevents further cell division The destruction of enzyme 
molecules by heat is probably a monomolecular reaction (Tammann, 
1895), and a recbhnear loganlhmic “survivor curve” may be expected 
Loss of semipermeabihty, houever, can hardly be a monomolecular 
process, and if semipermeabihty were destroy ed purely according to 
chemical reaction, a bulging ‘ survivor curve” should be expected 
However, all expenments show rectihnear or sagging curves 

The Recercry Prollcm 

This problem is an entirely different one with unicellular and multi- 
cellular organisms In the latter case, recovery may be accomplished 
if the uninjured cells possess suffiaent vitality to reproduce, and thus 
to replace the inactix ated cells by active ones It may even be that 
the remaining uninjured cells are sufficient to carry out their spcafic 
function for the entire organism 

With unicellular beings, the simpliaty of the cell mechanism makes 
recovery from injury more difficult, the simple multiplication of un- 
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injured parts is not possible One healthy cell can develop into two 
cells, but one enzyme molecule cannot develop into two such mole- 
cules Recovery of unicellular organisms means the reconstruction 
of a lost function 

Boycott (1920) raised the question whether bactena can recover at 
all, considenng the simple chemical appearance of their order of death 
The very slow development of bacteria on plate cultures after injury 
(see c g Eijkman, 1908), leaves no doubt that generally speaking, sin- 
gle cells can recover from injury For an analysis of this recovery, 
it IS essential to consider the cntena used for death and injury 
We have no means of testing for a temporary loss of reproduction 
with bactena This test is possible only in sexual reproduction The 

TABLE v 

Percentage of Dead Cells as Measured by Methylene Blue Count 


Length of etposurc to HgCI 



j 0 mm 

1 2 S min 

1 S min 

10 mm 

20 mm 

40 mm 

Examined immediately after expo- 

j percent 

\ 

j percent 

per cent 

per cent 

Per cent 

per cent 

sure 

' 0 

\ 44 8 

' 61 8 

mm 

75 4 

82 7 

2 hrs , 25 mm later 

1 ® 

1 67 2 

1 75 0 

m 

85 6 

87 5 


observation of greatly delayed growth need not necessanly imply 
injury of the growth mechanism, but might be explained through in- 
juries of the energy-fumishing mechanism It is generally assumed 
by cytologists and geneticists that a gene once destroyed can never 
be replaced by the cell The cell either loses the power to reproduce, 
or if It reproduces, all the offspnng lack this one gene and therefore 
differ from the onginal strain It is not probable that microorganisms 
should make an exception to this rule The growth mechanism con- 
sists of many other parts besides the genes, and these may be also 
very sensitive, but replaceable as long as the genes are intact 

Recovery of the fermenting capacity of the cells seems very prob- 
able It has been shoum by Buchner, Buchner, and Hahn (1903) that 
the zymase content of yeast cells may be increased by stonng the com- 
pressed \ cast on ice Z>mases must have been produced by the cells 
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once, and it is imperative that this faculty conUnue at least as long 
as the cell is capable of reproduction 
In most of our experiments, the fermentmg capaaty of the injured 
yeast was tested withm 30 imnutes after exposure, and again 2 to 4 
hours later There was a deaded increase in the rate of fermentation 
during this tune, but this was also the case with the controls, as one of 
the authors (Rahn, 1929) has shown before The reason for this 
increase has not been explamed satisfactorily as yet, unless it be due 
to production of more zymase by old cells in fresh sugar solution Tor 
this reason, a recovery from injury cannot be considered proved 
The same test a as apphed to the methjlene blue counts If there 
Mere recovery, the percentage of “dead” cells immediately after ex- 
posure should be larger than a couple of hours later The expenment 
did not venfy this (Table V) 

Bancroft and Richter mention (page 516) that the phenomenon of 
protoplasmic coagulation is reversible with yeast, mthout, hoaever, 
giving records of the numbers of cells tested or proving that the “re 
covered” cells a ere really living We have not repeated these e\ 
penmcnts 

SUMMARY 

Different criteria of death have been compared expcnmentallj and 
quantitatively Pure cultures of a j east hav e been subjected to ad 
verse conditions, and the number of dead cells, judged by different 
tests, has been determined in successive time intervals The yeast 
cultures a ere exposed to heat, to HgCU, to ultraviolet light, and to 
X rays 

In each case, the cells lost the poaer of reproduction (measured by 
the plate count) most rapidly The loss of fermentation (measured 
by the COj pressure) a as less rapid Still sloaer a as the change in 
staining reaction with methylene blue, and the loss of selective per 
meabihty of the plasma membrane (measured by the percentage of 
cells staining aath Congo red) Slowest of all was the coagulation of 
protoplasm as observed in the dark field 
In the case of death by heat or by HgCl , the rate of loss of rcproduc 
tion was about twice as rapid as that of the loss of fermentation, about 
three times that of the loss of semipetmeabihty , and about forty times 
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as large as the rate of coagulation With ultraviolet hght and with 
x-rays, these ratios were decidedly different 

The technique employed does not permit the conclusion that any 
one cntenon of death is the prerequisite for other cntena It does 
not appear probable that loss of reproduction is the prerequisite for 
loss of fermentation or of semipermeabihty because the ratios of the 
velocities of these processes are not the same with aU causes of death 
There is no evidence that cells may show certain cntena of death 
immediately after exposure, and recover later 
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introduction 

The electric mobility of an ion m an aqueous salt solution decreases 
with increase in salt concentration, and in the same way, the electric 
mobihty of particles of any size, — whether a protein, a particle of 
colloidal gold, an oil droplet, or a blood cell, — also decreases if suffiaent 
salt IS added Particles like protein molecules which seem to ionize 
by means of some special mechanism can be treated from a rather 
simple point of view when compared with the treatment of surfaces 
acquirmg an electric charge by adsorption processes 

In this communication a theory is presented which, although in- 
complete, satisfactorily accounts lor the depressing effect of certain 
uni univalent electrolytes on the electric mobility of proteins 

Theoretical 

Dependence of Electric ifobiltty in General upon o and k — In con 
nection -with the effect of salts on the electric mobility v„ of particles 
large when compared with ions, it should be recalled (see espcaally 
Mueller (1)) that if the dielectric constant of the medium D, the radius 
of the particle, r, and n, the viscosity of the medium, arc considered 
constant,* ti„ can vary with either the surface charge densitj , a, or 

* This work was aided b> a grant to this Department b> the Chemical 
Toundation 

1 The somewhat questionable procedure of usmg for values of D that of the 
pure solvent is supported b> two important senes of eiqienments (1) The sub 
stitution of the dielectric constant of the pure solvent has been successful in the 
593 
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With the reciprocal of the effective thickness of the double layer, k, 
or with both That is, in general, with the possibihty that either a 
or K remain constant. 


Vm = Vm (<r, k) (1) 

Inert Surfaces — Surfaces other than protein, like quartz, glass, cel- 
lulose, and paraffin oil, have electric mobihties which depend (m a 
rather comphcated way) upon the concentration, c, of salts not re- 
versmg the sign of charge the v„-c curves pass through a maximum 
(2), the height of which is frequently pronounced and is dependent 
upon the nature of the salt ^ Abramson and Mueller (3) have shown 


case of experiments testmg the Debye theorj’^ of electrolytes (2) In the treat- 
ment of the problem by Mrs Daniel use of the dielectric constant of the solvent 
(7 Geii Physiol , 1933, 16, 457) has predicted correctly changes m charge from 
pro tern mobihty when D was lowered See also Wyman, J , J Biol Chem ,1931, 
90, 443, and Weber, R , Z phys Chem , 1931, 70, 711 

" That a maximum in the f-c curve is always observed where ion adsorption ap- 
pears to be the mechanism of charge is not surpnsmg m view of the relationships 
between f, a, and c, as m equations (2), and (2o) (Stem, Gyemant) It is rather 
suipnsmg, however, to find that quite large specific ionic effects are exhibited by 
salts like the alkali hahdes havmg a common negative ion, f decreasmg, Li > 
Na >R >Rb > Cs on cellulose and on glass, for salts with varymg negative ions the 
order I>Br>Cl is observed While it is true that the order in both cases is m 
the order of changmg lomc electnc mobihty, the differences between the ionic 
mobihbes are not sufficiently great to warrant the vieivpomt that some mechanism 
connected primanlj’’ with the mobihty of the ions is concerned It seems more 
hkelj" that m verx' dilute solutions where the maxima of the f-c curves are observed, 
f could be built up by two processes of equal magnitude, (1) ionic adsorption, (2) 
polarization of the adherent molecules of water at the surface Water molecules, 
consistmg of dipoles as they do, should be attracted and onented by the fields of 
the surroundmg ions As a quantitative measure of the effect of ions on the water 
dipoles, it IS convenient to adopt the viewpomt that the heat of hydration of the 
gas ions IS connected vath the vanatxon m f at the maxima Thus the ratio of the 
heatsofhjdrationof thegasions, (Li+150), (Na+ll7), (K+97), (Rb'^2), (Cs+86), 
and (Cl-fiS), (Br“52), (I “41), gi-ve a plausible picture as follows The positive 
ions should produce over a time average a greater mcrease in the orientation of 
negatn e charges and the surface so that f should, other things bemg relatively 
equal, decrease 


Li > Na > K > Rb > Cs, 
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that the o- c curves (calculated from available data by means of the 
Debye theory) practically always follow a relatively sunple course, 
for all salts not producmg charge reversal, m each mstance the curve 
resembled typical adsorption curves of the simple form described by 
Langmuir, with a reachmg a limiting value at about c = 0 01 molar 
Mooney (4) had previously published somewhat similar curves The 
ti„ c curve follows a complev course because both a and k are changing, 
the maximum resulting from changes m both as predicted by Stem 
Proteins —Dissolved proteins and protein surfaces in different con 
centrations of um univalent salt solutions, like gelatin and egg 
albumm, represent a second group which differs in behavior m several 
important ways from the “mert” surfaces just discussed The charge 
m the absence of salts seems to depend mainly upon the pH, for at 
any given pH a certain number of hj drogen ions over a time average 
are attached to the protem molecule In the special case under dis 
cussion, of a uni umvalent salt not shifting the isoelectnc point, we 
can first for simpliaty consider v„ to depend only upon i, if the pH is 
fixed The significance of this result is evident when we consider 
the Debye Henry (5) approximation, for the potential, f, at the 
surface. 


where 


and 


C 


Q 

DrW + D’ 


( 2 ) 


r 


I tjv 


(2c) 

(for icr > 30 within cipenmenta! 
error), 


Q ■» 4 X f’ c 

and for the negative ions, the negative chaises of the water dipoles now being 
repelled, 1 ” repelling less than Br" and Cl” so that for f the order 

1- > Dr” > a- 

IS obtained 

(Fajans K., 1 erhattdl deatsch Phys Ges 1919 21, 549, 709 714 Haber F 
] crhandl deutsek phys Ges 1919,21, 750 Tajlor H SjPhjsical chcmisto 
New \ork B N’an Nostrand Co , Inc. 2nd edition, 1931, 337 ) 
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f and consequently which is proportional to will depend only 
upon K if all other terms are considered constant Equation (1) now 
takes the form 


Vm - V„ ^ constant 

pH 


(3) 


By assuming that a remams constant we do not by any means imply 
that no change m a occurs incidental to changes m k It is merely 
postulated that the change in Vm with cr due to a. varying is very small 
compared with the change in due to explicit variation of k Addi- 
tion of salt, under these conditions, then, should, from equations (2) 
and (2a), cause only a diminution m Vm without a maximum in the 
curve ® 

In Paper VI of this series (6) we have published an empirical equa- 
tion in the form of equation (1), 

y 9. ( 4 ) 

^ DriKT -}- 2 4)’ ^ ^ 

or 


f = 


Q 

{Dr) fihr) 


(4<J) 


Using equation (Aa) we have plotted in Fig 1, by evaluating /(at) 
for r = 4 X 10~’ cm and various values of Vm for gelatin (see Fig 3), 
the theoretical form of the v^-c curves Note the following points 
of interest in these curves 

1 The curves should in reality not cut the ordmate at c = 0, for 
m order to fix a certain amount of acid must be present even though 

’ This approach differs somewhat from that of Sorensen, Lmderstr^m-Lang, 
and Limd w ho have investigated the alteration of shape and direction of the ioniza- 
tion curves (not the electnc mobilities) of ampholytes capable of reactmg only vith 
h\ drogen ions Thej find that the salt effect in accordance vath their theory and 
in qualitative agreement vath experiment, consists “m a turning of the ionization 
curx^es, indicatmg the relation between the quantity of combmed acid (specific 
hj drogen ionization) and paH, and the turning of the curves which leaves the 
isoelectnc reaction unaltered, tends m such a direction that the quantity of com- 
bined acid at constant paH mcreases with mcreasing salt concentration ” On 
the other hand the\ find that the pH at which the quantity of acid (base) com- 
bmed ivith egg albumin is 0, is independent of the salt concentration 
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the concentration of protein and of salt is vanishingly small In other 
words Vn IS always accompanied by a finite \alue of k which is given 
for strong acids by the concentration, not the mean activity of the 



Fio 1 Theoretical t^*c curves for gelatin at different values of pH, based upon 
single values given m Fig 2 The two short vertical dotted lines at the loiiser left 
comer show the limits of extrapolation when the pH is suffiaentJ) low to ba%e 
appreciable amounts of aad present 



Fic 2 Data of Loeb on particles of denatured egg albumin m 0 0002 it NaOH 
Locb found no important difference m the effect of the alkali habdes The smooth 
curve IS calculated by means of the ihcoij here proposed, based upon the highest 
value of Vm found b\ Loeb 
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acid The dotted lines indicate, for example, the limiting position 
of the ordmate for c = 0 0025 m, and c = 0 01m 
2 In more concentrated salt solutions the vahdity of equation (2) 
decreases, however, the curves mdicate that is probably still quite 
large even m 4 m salt solutions Technical difficulties at present pre- 
vent measurements of Vm m salts of this concentration, but values of 
the proper magnitude have been observed by Hitchcock (7) m m/10 
acetate buffers for gelatm and by the author for serum proteins (8) 
m solutions where c was equivalent to m/7 It would be most un- 
portant to devise methods designed to discover if the available form 
of the theory is confirmed in that > O m concentrated salt solutions 



Fig 3 The electric mobility of gelatm-coated quartz particles in acetate buffers 
See te\t 

Methods — As usual the Northrop-Kunitz (9) microelectrophoresis 
cell was employed for measurements of electric mobility Values of 
pH are referred to pH = 1 07 for n/10 HCl 

EXPERIMENTAL 

(a) Ecat-Denatured Egg Albunun — In Fig 2 the points are values 
of Pp, given by Loeb (10) for denatured egg albumin particles m m/5000 
NaOH At this pH the electric mobility of the protein is rather high 
in the absence of salt and equal to about 2 8/r per second The smooth 
curve is the theoretical curve for the influence of salts calculated by 
means of equation (4), taking r = 2 17 X 10~'^ cm (11), and making 
the necessan"- assumption in regard to r] and D It is noteworthy that 
the course of the theoretical and experimental curves is almost iden- 
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tical, the actual difference being at the hmits of the eiperimental error 
Of interest is the fact, reported by Loeb, that within the limits of error 
(about 10 per cent) there was no difference in the action of the chlondes 
of Li, Na, Rb, and Cs This is in accord with the simple theory, in 
contrast to the behavior of mert surfaces The chargmg processes of 
the latter seem to be unrelated to phenomena easily assoaated with 
stoichiometncal reactions The charging process in the simplest 
protein case considered in the foregomg should be determined only by 
the hydrogen ion activity This will probably be found to be not 
true, in general, for some process tantamount to adsorption of ions of 
the salt may occur, the shape of the »„ c remaining essentially the 
same but shifted because of the effect of salts on the isoelectric point 

(b) Gelatin — Since, as Hitchcock (7) has shown, sodium acetate 
buffers of different concentrations do not change the isoelcctnc pomt 
of inert particles covered with gelatin, it was considered desirable to 
report the effect of acetate buffers of different concentrations on the 
electnc mobility of quartz particles with an adsorbed gelatin film 
Coignet gelatm was used in order to compare our results with those 
of Pndeaux and Howitt (12) on gelatm covered particles In Tig 
3 are given our electnc mobility data in m/500 and m/50 sodium ace 
tate buffers * Note that the shapes of the pH curves arc essentially 
unchanged on increasmg c To demonstrate this. Curve II has been 
plotted as 5/8 of each ordinate value of Curve I The mobility curve 
IS, therefore, simply rotated about the isoelcctnc point by increasmg 
tlie salt concentration The value of k changes from k = O IS X 10’ 
m m/500 salt to c = O 47 X 10’ in m/50 salt Tor reasons given m 
Paper VI, r is to be taken not as that of the quartz particles, but as 
that of the dissolved molecules To obtain a value of an equivalent 
radius our empincal form of equation (1) has been solved for r, Q 
bemg known from the titration curve of the gelatin (13) 

To obtam some idea of the equivalent radius of gelatm it is necessary 
to proceed bj a somewhat unsatisfactory course because gelatin solu 

* Pndcaux and Ilowitt investigated Cm for colloidal gold particles cov cred with an 
adsorbed gebtin film Usmg the movang boundarv method thej did not find the 
effect of salts as marked as that reported here However all of our data on quarts 
particles hav e agreed wath other data obtamed wath the moving boundar> method 
bj Tisehus and bj Koenig and Pauli 
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tions are polydisperse At pH = 4 0 in acetate buffers the average 
molecular weight of gelatin is about 35,000 with little change on aging 
The adoption of this value will enable us to obtam a somewhat dubious 
value of an equivalent radius (assuming a spherical molecule) from 
equations (3o) and (4)j 

Q = 6 TT ri rvm (w +2 4) 

The substitution of values for Q, v^, and t? m this equation (3) yields 
r = 4 X lO''^ cm 

We are now m a position to test on gelatin surfaces our assumption 
that the addition of salt produces a diminution m Vm because of a 
change m the double layer rather than a change m charge The data 
in Fig 3 are for changes in k as previously mentioned Then if the 
increase in salt does not change Q appreciably, we have, from equations 
(2) and (3), 

^ + 2 4) 

~ ar + 2 4)’ 

or substitutmg, we have predicted the ratio for the data in Fig 3, 

(1 88 + 2 4) _ 

(06 + 24) ■ 

This is m agreement with that ratio found, 1 6, at the limits of error 
Note that the choice of 35,000 as the molecular weight does not 
sensibly change the general result If 17,500 had been chosen the 
ratio of the mobdities would have come out close to 1 3, if 70,000 had 
been chosen the ratio would have been closer to 1 6 

This agreement, m the case of unsatisfactory material like gelatin, 
further justifies the assumption that the salt decreases the potential 
of this protein, accountmg for the change in Vm which is proportional 
to the change m potential 

(c) Egg Alhivitn — The data of Tisehus and of Abramson for egg 
albumm given m Paper VI of this senes are given m Curve I of Fig 
4 a These ex-pemnents were performed in m/50 sodium acetate buf- 
fers (k bemg held constant) In order to test the usefulness of our 
cmpmcal equation, the dotted curve (theoretical) was plotted for 
m/1000 sodium acetate buffers (r = 2 17 X 10~^ cm) assuming no 
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shift in the isoelectnc point Experimentally, however, it i\as found 
that under our condibons the isoelectnc point of the egg albumin m 



Tie 4<J Tie 4 b 

Fic 4<j The effect of the coDcentraUon of acetate buffers on the magnitude 
of Vm (egg albumin) and on the position of the isoelectnc pomt 

Fio 4& By correcting for the shift m the isoelectnc pomt, the effect of dilut 
mg the bviflcT on values of is predicted 



Fio 5 The clectnc mobility of egg albumm in HCl solutions treated as m 
Figs 4o and 46 

acetate buffers was shifted about 0 2 pH to pH » 4 8 These data 
are plotted as open arclcs, the data running parallel to the theoretical 
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curve This complicates the problem somewhat, for it is necessary 
to introduce some correction for the shift in the isoelectric pomt due 
to the change m total salt Assume that the total number of anions 
and cations as well as their ratio and their charge may influence the 
dissociation of the protein On decreasing the salt concentration as we 
have done in the acetate buffer experiments on gelatin, the isoelectric 
point was not shifted The isoelectric pomt is shifted in the analogous 
experiment with egg albumm If we wish to visuahae this effect by 
assuming that the dissociation of the protein depends upon the total 
salt, and that this effect is mdependent of the pH, it is reasonable to 
correct this shift m order to have comparable values of Q due to hydro- 
gen ions by shifting the i^m-pH curve m m/1000 acetate solutions as a 
whole, so that the isoelectric points comcide This has been done 
and the result depicted m Fig 4 & The open circles are the actual data 
corrected as just proposed This correction is merely the addition, to 
each value of Vm m m/1000 acetate, of —0 37ju per second, the differ- 
ence in the two buffers at pH = 46 This correction results, as 
demonstrated in the Fig 46 m the open circles fallmg on the theoretical 
curve withm the limits of experimental error Fig 5 depicts the data 
for adsorbed egg albumin m HCl The values of have been treated 
as m the foregoing, with the theory confirmed 

SUMMARY 

By assuming that the electric charge of proteins is primarily de- 
termined by the hydrogen ion activity of the medium, and by making 
corrections when necessary for the effect of salt, it is possible to derive 
a simple relationship between the electric mobility of proteins and the 
effective reciprocal thickness of the electnc double layer The de- 
crease in electnc mobility of proteins in solutions is readily predicted 
for gelatin in acetate buffers and for egg albumin in the presence of 
the alkali halides, of acetate buffers, and of hydrochlonc acid on the 
basis of the assumptions made 
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OSMOTIC RELATIONSHIPS IN THE HEN’S EGG 

Bv J M JOHLIN 
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Nashnlte) 

(Accepted lor publication, December 10, 1932) 

Since Straub’s observation that an osmotic pressure difference of 
two atmospheres was mamtamed between the yolk and white of the 
hen’s egg by the apparent application of metabohe energy, consider 
able doubt has been cast upon the actual existence of such a difference 
by those who have found that the osmotic pressure of the yolk and the 
white IS the same Although it has been admitted that there has been 
a considerable amount of striking evidence m support of Straub’s 
findmgs, the claim has been made that while the experimental tech 
nique employed m obtainmg these data might be applied to dilute 
aqueous solutions, it could not be applied to a material such as egg 
yolk for the purpose of obtaining accurate measurements 
The present paper contains data which were obtamed in a cntical 
study of the technique involved m detenmnmg the osmotic pressure 
of egg yolk, of egg white, and of a mixture of these, by the freezing 
pomt method These data could be obtamed consistently and are 
therefore believed to be accurate Without exception they are in 
support of Straub’s observation that there is a considerable difference 
in osmotic pressure betw eon the yolk and the white of newly laid eggs 
The difference in osmotic pressure between the yolk and the white of 
newly laid eggs has led to the interesting postulation of a vital activity 
at the yolk membrane which was believed to maintain this osmotic 
difference by domg work Evidence obtained in the present investi 
gallon IS however in support of the point of view of Smith and Shepherd 
who found that osmotic cquilibnum between tlie yolk and white is 
slowly established and that the postulation of a vital activity mam 
taming a steady state is therefore unnecessary 
A review of similar work which has been done m the past is con- 
tained m a recent paper by Howard (2), who reports results obtamed 
60S 
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m determining the osmotic relationship m the hen’s egg, partly with 
the use of the freezmg pomt method devised by the writer (3) From 
these data Howard concludes that “the postulate of a vital activity 
at the yolk membrane mamtammg an osmotic pressure difference 
IS thus shown to be unnecessary, smce a simple osmotic equilibrium 
exists between the yolk and the white,” and that certam previous 
observations of other investigators who found a difference m osmotic 
pressure, “were in error due to their failure to recognize that the deter- 
mination of the true freezmg pomt of egg yolk is beset with technical 
difficulties ” 

At the time when the writer devised the freezmg point method used 
by Howard, he employed it m measurmg the freezmg pomt of egg 
yolk and of egg white The expectation of finding that previously 
reported freezing point differences between these might be due to 
experimental errors was however not realized for it was found m the 
limited number of prehmmary determinations* which were made that 
a difference exists Howard’s more recent results with this method, 
showing that a difference is lackmg, have however led the ’wnter to 
carry out a more complete series of determinations 

Method 

Dunng the course of a senes of more than one hundred freezing pomt deter- 
minations on egg yolk, on egg white, and on a mixture of these, the following 
technique was found to give consistent and apparently reliable results 

\fter the ^ oik had been separated from the egg white it was moved about on a 
J inch mesh screen gnd which had been coated with bard parafiin wax Consider- 
able amounts of egg white which had remained wath the yolk were thus removed 
b} forming a film betw eon the meshes of the screen Small g^jlatmous lumps adher- 
ing to the } oik were removed with the tip of a pipette to wh^yi suction was applied 
The 3 oik was then stirred wath a glass rod and after the v tellme membrane had 
been isolated from it, it was used immediately for a freezmg point determination 
The mam bulk of the egg white was stirred with a motor-dnven stirrer made by 
attachmg a rubber-tipped glass rod to a high speed motor A smaller amount 
(10 to 12 ml ) was then placed into a narrower tube (16 to 17 mm in diameter) 
and stirred 2 minutes longer The formation of froth was avoided as much as 
possible The fluid thus obtamed could be poured drop by drop It was kept 
packed in melting ice and used almost at once for a freezing point determination 
\\Tien a imxture of white and lolk was required, a 12 ml portion of approxi- 


* Unpublished results 
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matcly equal parts of egg white and jolk was further stirred at high speed for 2 to 
3 minutes m the narTO?.rer tube before being used for a freezing pomt determination 

The eggs ^ ere used on the same day on which the> were laid 

The apparatus used in making the frcezmg pomt determmations was the same 
as that previously descnbed (3) except that the innermost tube, contammg the 
charge and the thermometer, was 16 mm m diameter Smee sufficient amounts of 
matcnal were available, 8 ml of fluid were used, instead of 1 mk, m a single deter 
mination 

The temperature of the freezing bath was mam tamed at —1 0®, and controlled 
b> occasionally droppmg m small pieces of dry ice The part of the apparatus 
consisting of tubes E and F, contammg the experimental matenal and the ther 
moraeter, was cooled to about +0 5® m melting ice before it vi-as placed into the 
tube D of the apparatus It was then further cooled b> penodically suck mg the 
liqmd from the tube D into the tube E until the temperature of the experimental 
fluid Vi’as about 0 1 above that of the anticipated freezmg p>oint Further cooling 
was then allowed to take place without bnngmg the liquid m D m contact with the 
tube contammg the experimental fluid The experimental fluid was stirred b> 
movmg the thermometer U up and down, at the same time givmg it a rotatmg 
motion along the wall of its contamer 

^Vhcn the egg yolk had been supercooled 0 10-0 15® it was seeded six to eight 
times m the course of 2 mmutes and well stirred after each seedmg Stimog was 
continued intermittently for 6 mmutes from the time of the initial seedmg Tcm 
perature rcadmgs were then token at 1 nunute intervals for a period of 10 minutes, 
the thermometer bemg topped just before each reading If a constant tempera 
ture plateau was not reached withm 4 to 5 mmutes after rcadmgs were begun 
(t e within 10 to 11 mmutes after the imtial seeding) the inner tube was again 
placed in raclUng ice, until all of the icc in the cxpenmentol fluid had melted, and 
the freezmg point determination commenced anew It was foimd, when the 
cxpenmentol llmd was not stirred too vigorousl) and was propcrlv seeded, that 
readings at cqmlibnum did not decrease more than 0 0005® per minute The 
earhest readings of the constant temperature plateau were accepted as the true 
freezmg pomt values 

In the case of egg white or of a mixture of egg white and \ oik the fluid was sum 
larl> seeded, as above when it had been supercooled 0 05-0 10 below the antia 
pated freezmg point but slirrmg was discontinued 3 mmutes after the mitial 
seeding Readings were begun when stimng was discontinued and were token 
every minute for a penod of 10 mmutes Readings gcncraUj dropped to a con 
slant temperature plateau withm 3 or 4 mmutes A constant temperature 
plateau w'as less rcadflj obtomed with egg white than with >olk or wnth a mixture 
of egg white and volk \Vhen a constant temperature plateau was not obtained 
the material was warmed m melting ice and the freezmg pomt determination begun 
anew Readings were made with the u'^c of a reading glass 
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Discnsstoii of Technique 

The nature of egg yolk makes prolonged stirrmg for the purpose of 
rendering it homogeneous unnecessary Egg white is, however, so 
strmgy and lumpy that proper seedmg and stimng within the appara- 
tus could not take place unless it had been well dismtegrated pre- 
viously In the case of a mixture of egg white and yoDc thorough 
mixing IS also essential as otherwise the white will freeze before a state 
of osmotic equilibnum between yolk and white has been attained 


TABLE I 


Egg j oik 

Egg white 

Time 

Temperature 

Time 

Temperature 

mtr 

X 

mtn 

X 

0 

Seeded 

0 

Seeded 

6 

-0 540 

3 

-0 453 

/ 

-0 565 

4 

-0 452 

8 

-0 570 

5 

-0 452 

9 

-0 573 

6 

-0 452 

10 

-0 575 

7 

-0 452 

11 

-0 575 

8 

-0 452 

12 

-0 575 

9 

-0 452 

13 

-0 576 

10 

-0 453 

14 

-0 576 

11 

-0 453 

15 

-0 576 

12 

-0 453 

16 

-0 576 

13 

-0 453 



14 

-0 453 



15 

-0 453 


The failure to properly mL\ the egg white and yolk was found m the 
present investigation to give freezing points for the mixture which 
were near those of the w'hite A similar circumstance might well be 
held accountable for results obtained by others in the past when it was 
found that the freezing point of the mixture was approximately that 
of the white Thorough mixing, however, was found to give freezing 
pomts for the mtxture w hich w^ere quite distinct from those of cither 
} oik or w hitc The follow mg is an illustration of this relationship 
Treezmg point of egg white —0 427°, of yolk —0 545°, of a mixture 
of equal parts —0 461° 
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The data given m detail in Table I are representative of a successful 
determination Although such results were not invariably obtained 
on a first tnal, acceptable results could be readily obtained, so that, 
after a considerable experience with the technique, the greater per 
centage of determmations had to be made but once 
Aside from temperature control, proper stirring and uniform seeding 
are perhaps the most important parts of the technique Egg yolk is 
so VISCOUS that superfluous stirring will result m heating local areas 


TABLE n 


(1) 

(2) 



Alter warmlnc In mrltbs ict 

Time 

Temperature 





Tune 

Temperature 

nifi 

C 

m n 

C 

0 

Seeded 



6 

-0 495 

0 

Seeded 

7 

-0 540 

6 

-0 525 

8 1 

-0 550 

7 

-0 545 

9 

-0 558 

8 

-0 550 

10 

-0 560 

9 

-0 554 

n 1 

-0 561 

10 

-0 SSS 

(Slincd 1 mm ) 

11 


12 

-0 450 

12 


13 

-0 525 

13 


14 

-0 545 

14 


15 

-0 553 

15 

-0 557 

16 

-0 559 



17 

~0 563 



(Results TTcre rejected and a new deter 



mlnation made) 




above the freezing point The yolk nearest the thermometer would 
thus contam no ice crystals while other areas would still be below the 
freezing point and would contain ice crystals The distribution of ice 
crystals throughout the whole mass requires a considerable amount of 
moderate mixing Egg white, even after vigorous stirring, maj on 
the other hand still be relatively lumpy in comparison with the 
average aqueous solution A reasonable amount of stimng at high 
speed before the material is used as well as thorough mixing in the 
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freezing point apparatus is therefore necessary to prevent the localiza- 
tion of seeded areas The danger of overheating by stirring need not 
be taken into account in the case of egg white as m the case of the yolk 
The lack of uniform seeding, due to superfluous stirring (m case of the 
yolk, to insufficient stirring, or to a lumpy matenal (m case of the 
white) appears to permit the localization of areas which are super- 


TABLE m 


Data Obtained with Egg Yolk 


Time 

Temperature 

Temperature 
(after remelting m ice) 

Temperature 
(after remelting in ice) 

fnm 

°C 

'C 

°C 

0 i 

Seeded 

Seeded 

Seeded 

6 

-0 455 

-0 530 

-0 535 

7 1 

-0 505 

-0 537 

-0 539 

8 

-0 533 

-0 540 

-0 542 

9 

-0 549 

-0 540 

-0 544 

10 

-0 559 

-0 541 

-0 545 

11 

-0 568 

-0 541 

-0 545 

12 

-0 572 

-0 542 

-0 546 

13 

-0 574 

-0 542 

-0 546 

14 

-0 572 

-0 542 

-0 547 

15 

-0 570 

-0 543 

-0 547 

16 

-0 571 

-0 543 

-0 548 

17 

-0 569 

-0 543 

-0 548 

18 

-0 568 



19 

-0 567 


1 

20 

-0 569 



21 

-0 571 



22 

-0 574 



23 

-0 575 



24 

—0 575 



25 

-0 575 




cooled Data which are on a constant temperature plateau cannot be 
obtained under such conditions 

An illustration of such an occurrence is shown m Table II The 
data were obtained with egg yolk 

The results in the first column of Table III show that a delayed con- 
stant temperature plateau, obtained after a prolonged penod of tem- 
perature fluctuations, represents freezmg point values which are not 
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acceptable The point of equiUbnum is much lower than that of the 
second column The data of the second column could be reproduced 
w ithin a few thousandths of a degree as shown by the data of the third 
column Data such as those of the last two columns are not as uni- 
form as can be obtained occasionallj , but are considered acceptable 
since they can be readily obtained and do not \’ary more than 0 0005“ 
per minute once a temperature plateau has been reached 

r reczing Point Results 

The data of Table IV were obtained with eggs from two separate 
flocks of white Leghorns Both were extraordmanij large flocks 


TABLE IV 


1 

Frttens polat ot yolt j 

Frwnflx point o[ irljilc j 

1 DiCTercnce 

Fertilized eggs 


C 

C 

C 

No 1 

-0 550 

-0 425 

-0 125 

* 2 

-0 545 

-0 427 

-0 118 

3 

-0 545 

-0 410 

-0 135 

' 4 

-0 539 

-0 415 

-0 124 

Unfertilized eggs 

No 1 

-0 555 

I -0 455 

-0 100 

2 

-0 555 

1 -0 450 

-0 lOS 

3 

-0 560 

1 -0 446 

-0 114 

4 

-0 556 

, -0 430 

-0 126 

« 5 

-0 575 

1 -0 452 

-0 123 


maintamed for the wholesale production of eggs One flock produced 
fertile eggs and the other unfertile eggs 

mscnssios 

The data of Table IV show a constantlj pronounced difference 
between the freezmg points of the >olk and the white of the newly 
laid hen’s egg That this osmotic difference is not mamtaincd but 
gradually equalizes itself was shown by the results of Smith and 
Shepherd (4), who not only postulated but found a slow diffusion to 
take place betw cen the j oil and the white The slow attainment of 
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a State of osmotic equihbnum between yolk and white, even when these 
have been mixed, was demonstrated in the present experiments 
It was found that a mixture which had been moderately stirred had a 
freezing pomt not greatly different from that of the white alone, a 
fact which would mdicate a lack of osmotic equihbnum between the 
two constituents After prolonged stirrmg with a high speed stirrer 
such a mixture was found to have a freezing point which represented 
the average which a mixture of yolk and white at equihbnum might be 
expected to have While this circumstance does not disprove the 
existence of a vital force at the intellme membrane, it demonstrates 
the difficulty of attammg a state of osmotic equihbnum between yolk 
and white and at least explams the difficulty which some have had in 
obtaining a freezing point for the mixture of yolk and white which was 
different from that of the white alone As has also been shown by the 
results obtamed by Smith and Shepherd there appears to be no reason 
why complete osmotic equihbnum between yolk and white should 
not be attained after a sufficient length of time The state which 
exists between the yolk and the white of the newly laid egg therefore 
does not require the postulation of a vital force for the mamtenance of 
a difference m osmotic pressure, smce the evidence is m favor of a slow 
equalization of the difference m osmotic pressure and a steady state 
does not appear to exist 


SUMMARY 

Data have been given to illustrate the difficulty of obtaining con- 
sistent freezing pomt data with a viscous fluid such as the yolk of 
the hen’s egg and a technique has been described for obtaining repro- 
ducible and accurate results consistently Further freezing point 
data ha\ e been given which were obtained with both fertile and unfer- 
tile hen’s eggs by the use of a freezing point method previously de- 
scnbed b}’- the vTiter These data show that there is a pronounced 
difference between the freezing points of the yolk and the white in 
contrast to data obtained by the use of the same method by Howard 
V. ho found the freezing points of the yolk and the white to be the same 
It was shown by freezmg point determmations that even in a mix- 
ture of 3'olk and n hite osmotic equihbnum is slowly arrived at This 
again emphasizes the fact established bj" Smith and Shepherd that 
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Since osmotic equilibnum between j oik and white is slowly arrived at, 
the postulation of a vital activity at the yolk membrane is unnecessary, 
since the steady state previously postulated need not be assumed to 
exist 
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CRYSTALLINE PEPSIN 

V Isolation of Crystalline Pepsin from Bo\tne Gastric Juice 
B v JOHN H NORTHROP 

{From the Laborohrus of The Rockefeller Insiilute for ifcdical Research, Princeton 
N J) 

(Accepted for publication Januarj 10 1933) 

A crystalline protein having powerful proteolytic activity has been 
described in previous papers of this senes (1) This protein vtas iso 
lated from commeraal pepsin preparations which, in turn, had been 
prepared from the gastnc mucosa of swine * The possibihty exists 
that this protein \\ as formed from some more comphcatcd compound 
dunng the process of extraction and does not represent the enzyme as 
secreted normally m the gastnc juice In order to determine whether 
the activity of the gastnc juice is due to the same protein, expenments 
w ere undertaken to isolate the enzyme from gastnc juice 

Preliminary determinations of the activity of same gastnc juice 
showed that if the activity were due to the crystalhne enzyme isolated 
from the gastnc mucosa, the quantity of this protein in the gastnc 
juice was extremely small and that a very large quantity of gastnc 
juice would be necessary before any attempt at isolation could be made 
It was found to be impossible to obtain sufliaent quantities of sinne 
gastnc juice but bonne gastnc juice maj be collected in quantity as 
desenbed by Williams’ (2) 

The contents of the fourth pouch of cattle was removed as soon as 
possible after the cattle had been killed in the slaughter house About 
J hter of juice was obtained from each animal and larger quantities 
were found in those animals which had been recently fed The juice 
obtained in this way contained more or less undigested food and fil 

^ The wnter is indebted to Dr F O Ta>Ior of Parke Davis and Company for 
tbis informaUon 

’ Tile writer s attenUon was directed to this valuable method bj Dr Robert 
Loeb of the Presbi terun Hospital 


6la 



616 


CRYSTALLINE PEPSIN V 


tered "with difficulty After filtration it was found to contain about 1 
mg of mtrogen and about 0 002 proteolytic units per ml as determined 
by the hemoglobin method (3) This corresponds to about 0 01 mg 
of nitrogen m the form of the enzyme protein previously isolated, 
assuming that the activity of the enzyme in the gastric juice is the 
same as that of the purified enzyme (4) This quantity of protein is 
too small to be determined and in fact the gastnc juice gives no preapi- 
tate with tnchloracetic acid and would ordinanly be considered to be 
protein-free 

Pekelhanng (5) has described a method of obtaining a highly active 
protein from gastric juice by dialysis against dilute hydrochloric acid 
and this method was tried It was found, however, that a large loss 
m activity occurred dunng the dialysis so that the yield of active 
matenal was too small to be practical for purposes of isolation It is 
also evident from the value for the solubility of crystaUine pepsin 
already determined (6) that it cannot precipitate from gastnc juice 
under the conditions descnbed by Pekelhanng since the solubihty of 
the crystalline pepsin was found to be about 0 3 mg of nitrogen per ml 
at the minimum point (pH 2 8) while from the value for the activity 
the gastnc juice contains only about 0 01 mg pepsin nitrogen per ml 
There is no doubt, however, that an active precipitate appears upon 
dialysis, as descnbed by Pekelhanng, but it is probable that this 
preapitate consists of a compound or an adsorption complex of the 
enzjune, possibly unth the mucin or a mucoprotein present in the 
gastnc juice ^ This conclusion is further indicated by the fact that 
the analysis of Pekelhanng’s preparation showed higher carbon and 
hydrogen and lower mtrogen than does crystalhne pepsin itself 

Method of Isolation 

Fractionation mth vanous salt solutions was tned and it was found 
that the actnity could be concentrated in the protein fraction This 

’ This mucilaginous matenal is probabh the mucoprotem recently descnbed by 
Webster and Komaro\ (/ Btol Chem , 1932, 96, 133) \\ho have suggested the 
possibilit} of the existence of a complex between this mucoprotem and the pepsin 
This compound does not exist in solution, howe\er, since the diffusion coefficient 
of the enz\’mc in the gastnc juice is the same as that of the punfied enzj me These 
erpenments are described later in the paper 



Preparaiion of Crystalline Pepsin from Bovine Cosine Juice 



Contents of 4th pouch rcmo\ ed inxmediatcly after 
death and filtered through fluted paper (S and 
S No 1450 1/2) 48 hrs 6 C 
Filtrate saturated with ammonium sulfate de- 
canted and filtered with suction, preapitatc 
dissoU cd m 200 ml n/SOO hydrochloric acid 
Sol No 2 cooled to — 10*C and 300 ml cold ace- 
tone added centrifuged supernatant 
Sol No 3 cooled to —10 C and 500 ml cold ace- 
tone added, filtered and preapitatc dissoUcd 
in 300 ml k/ 500 hj’drochlonc aad 
Sol No 4 + I volume saturated magnesium sul 
fate centrifuged prcapitate dissolved + 100 
ml h/SOO hydrochlonc aad 
Sol No 5 4* 1 volume saturated magnesium sul 
fate centrifuged preapitatc dissolved + 100 
ml n/ 500 hydrochlonc aad 
Sol No 6 4* 1 volume saturated magnesium sul 
fate centnfuged pieapitatedi solved 4- 70 ml 
n/SOO hydrochlonc aad 

Sol No 7 4* 1 volume saturated magnesium sul 
fate centnfuged preapitatc du4olvcd 4- 75 
ml n/SOO hydrochlonc acid 
240 ml of solution No 8 equivalent to IS liters 
gastnc juice 4- 1 volume saturated magnesium 
sulfate filtered precipitate 


Preapitatc No 9 4" 10 ml n/ 10 sodium acetate 
titrated to pH 3 0 4* n/2 sulfunc aad slight 
preapitate m dark viscous liquid could not be 
filtered nor centnfuged 1 volume saturated 
magnesium sulfate added and suspension fil 
tered with suction Preapitate dissolved m 8 
ml n/ 10 sodium acetate clear j-cHow solution 
Titrated to pll 3 0 4- n/2 sulfunc add stood 18 
hrs 6 C filtered with suction (slow) Pre 
cipitatedis«olvedat45 C with minimum quan 
tity of water 

Cooled slowly while stimng Crystals formed 
after about 1 hr Kept at 20 C for 24 hrs and 
filtered 1 reapitalc normal pepsm crystals 
slightly jTllowish — about 0 1 gm 
Crj-stals dissolved in n/10 «todium acetate 
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fraction, however, contained a large amount of a mualaginous sub- 
stance which rendered the solutions extremely difficult to work with 
since they could be centrifuged or filtered only with the greatest 
difficulty This difficulty has been encountered by other workers and 
it was found by Fenger and Andrew (7) that the active matenal could 
be freed from this mualaginous impurity by preapitating m the cold 
uuth 75 per cent acetone This process entails a loss of nearly half the 
total activity but no more satisfactory method could be found A 
method of fractionation was eventually worked out, which consisted 
essentially m prehminary preapitation with saturated ammonium 
sulfate, solution in 60 per cent acetone, and precipitation with 75 per 
cent acetone This process jnelded a white amorphous precipitate 
free from most of the mucilaginous impunty and possessing about half 
of the total onginal activity It was further purified by repeated 
precipitation vnth one-half saturated magnesium sulfate and finally 
crystallized from warm water The details of the method are shown 
in Table I 

As the table shows, the activity per mg of nitrogen, as determined 
by the hemoglobin method, increases from 0 0025, which is the value 
found in the onginal gastnc juice, to about 0 19, which is the charac- 
tenstic value already found for the crj’-stalhne protein isolated from 
swine (3) The }'ield of crystalhne material is very poor and repre- 
sents onl}’’ a few per cent of the total onginal activity Of this loss, 
about one-half occurs dunng the precipitation ivith acetone and the 
remainder dunng the repeated precipitation with magnesium sulfate 
Actually about 100 mg of crystalline matenal was obtained from 15 
hters of gastnc juice 

Properties of the Crysialhnc Protein 
1 Crystalhne Form 

The cr> stals are small, hexagonal, bipyramids and are indistinguish- 
able by inspection from the cr>’-stals obtained previously from the 
gastnc mucosa of svnne 

2 Specific Activity of the Crystals 

The actmt}’ of the matenal v as determined, as previously described 
(4), by a senes of methods and compared with that of a punfied prepa- 
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ration from swine mucosa No significant difference in activity could 
be detected by an> of the methods The results of these experiments 
are shown in Table II 

It will be noted that the specific activity of both preparations differs 
in some cases from that already descnbed for the swine pepsin but that 
the activity of the two preparations, as determined in this senes of 
expenments, was not significantlv different This dispanty between 
the activity found in these determinations and that found previously 
IS due to the fact that the protein solutions were different from those 
in the previous expenments and, as usual, ga\ e shghtlj different figures 
for the activity The activity, as determined by the digestion of 

TABLE II 

Properties of Cryslalhtic Pepsin from Bonne Gastric Juice and from Sunne Stomach 


Proteolytic tcUviiy per rog nitrogen 


Peps 0 

Gel 

V 

1 

(Us 

\ 

Ed 

V- 

1 

(Us. 

V. 

Reooet | 

Cas. 

S 

Ed 

S 

Cas 

> 

Ed T 

GeLF 

Hb 

Bovine gastric juice 

IIO 6 

M 
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0 27 


0 16 




Swme stomach stand 
ard pepsin solution 


1 

620 


H 


i 


0 07S 

n 

n 

May 9 1932 


Q 
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hemoglobin, however, agrees with that previously found since hemo- 
globin solutions are more reproducible than those of the other proteins 
Since only a small per cent of the onginal activitj present in the 
gastric juice was actually isolated in the form of the crystalline protein 
It IS possible that the onginal gastnc juice contains other enajmes and 
that only a part of its activity is due to the fraction isolated In 
order to check this point the activity of the gastnc juice, as determined 
by vanous methods, was compared with the activitj of crystalline 
swine pepsin Since the gastnc juice is too dilute for protein nitrogen 
detenmnations to be made, the speafic activity per mg of protein 
nitrogen cannot be calculated and it is necessary to express the results 
intermsoftheactivitj perml solution If the gastnc juice contained 
other proteolytic enzymes it would be expected that the relative 
activity of the juice, compared to swme pepsin, would vary when 
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measured with different proteins This, however, is not the case 
If a solution of crystalhne pepsin is made up so as to have the same 
activity per ml as the gastric juice, as determined by the hemoglobin 
method, the two solutions are found to have the same activity when the 
activity is determined by any of the other methods If the gastnc 
jmce, therefore, contains another enzyme beside that isolated, the 
relative activity of this hypothetical enzyme on the vanous proteins 
must be the same as that of the fraction isolated 

Optical Activity 

The optical rotation of the matenal was deterrmned m solution in 
n/10 sodium acetate, pH about 5 2 at 25°C with the D line The 
specific rotation was found to be about —93° while recrystallized 
swine pepsin gave a specific rotation of about —70° However, the 
optical activity of swine pepsin, which has only been crystalhzed once, 
varies from — 100° to —80° so that the difference cannot be considered 
significant Lack of matenal prevented further punfication of the 
bovine pepsin This variation m the optical activity is probably due 
to the presence of non-protein impunties 

Diffusion Coefficient 

It was mentioned in discussing the method of isolation that a 
mucilaginous substance from which the active protein can be sepa- 
rated only with great difficulty is present in quite large amount in the 
onginal gastnc juice The possibihty is suggested, therefore, that the 
enzyme is present in the gastnc juice in some form of combination with 
this mucilaginous matenal The methods used in the isolation would 
not be evpected to spht any chemical compound but might be con- 
sidered to separate an adsorption complex If such an adsorption 
complex existed in the gastnc juice it would be expected that the 
size of the active particles (or molecules) in the juice would be 
considerably larger than that of the molecules of the purified enzyme 
The diffusion coefficient of the active substance in the gastnc juice 
should therefore be smaller than that of the punfied enzyme In 
order to detenmne the diffusion coefficient and, hence, the size of the 
active molecule in the unchanged gastnc juice, the measurements were 
earned out as already described for the smne pepsin (8, 9) but owng 
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to the low concentration of enzyme present m the gastnc juice they 
could not be made as accurately The measurements gave a value for 
the diffusion coeffiaent in N/1 pH 4 5 acetate buffer at 6°C of 0 049 
± 0 002 cm Vday which agrees, within the expenmental error, with 
that previously found (9) for the crystalhne swine pepsin These 
measurements are e'rpenmental evidence that the active molecule 
present in the gastnc juice is the same or very nearly the same size as 
that in a solution of the punfied crystalline protein and hence that the 
active molecule in the gastnc juice does not exist in the form of a large 
complex 

Soluhhty Experimmis 

The expenments just descnbed show no significant difference in 
properties between the bovine pepsin and the swine pepsin A much 
more sensitive test for the identity of the two, however, consists in 
solubiht} measurements since the solubihty of even closely related 
proteins is quite charactenstic This method, theoretically, is the 
same as the classical melting point method of organic chemistry and 
was first used as a method of establishing the difference between 
similar proteins by Landsteiner and Heidelbcrger (10) The solubihty 
of two different substances is, in general, independent of each other so 
that the solubility of a mixture of two different solids would be equal 
to the sum of the two solubilities separately If the two solids, how 
ever, form a solid solution Uie solubility of a mixture of the two cannot 
be predicted wath certainty but would be expected to he between that 
of the two substances m pure solution (11) This result was obtained 
by Landsteiner and Heidelbergcrwith hemoglobin from closely related 
animals and indicates that the hemoglobins arc different but form solid 
solutions rather than mixtures Owing to the small amount of 
matenal available it w as not found possible to obtain accurate solu 
bility figures for the bovine pepsin since it was necessary to use a 
precipitate obtained from the mother liquor of the crystallization 
This mother liquor was prcapitatcd wath half saturated magnesium 
sulfate, the preapitate redissoh cd m 0 02 molar pH 4 65 acetate buffer 
and precipitated by the addition of an equal x olumc of magnesium 
sulfate solution having a speafic gravity of 1 294 This preapitate 
was stirred ivith about 10 ml of a solution consisting of 1 volume of 
0 02 molar pH 4 65 acetate and 1 volume saturated magnesium sulfate 
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specific gra\aty 1 294, the suspension centnfuged, and the supernatant 
solution analyzed for nitrogen This process was repeated until a 
constant value was obtained on successive washings Four or five 
washings are usuallv required before constant solubihty is obtained 
The precipitate was then dissolved by the addition of 5 ml of 0 02 
molar pH 4 65 acetate and precipitated by the addition of 5 ml 


TAELE in 

Sohthhh of Pepsin from Swine Mucosa and ftoin Boanc Gastric Juice 
in 1^^^^ Acetate 1 „ 

50 Saturated Magnesium Sulfate] 

22 ° 

Specific 8^a^'lt^ saturated magnesium sulfate rr-r — - = 1 294 

HsO 22 



About 1 gra amorphous pepsin stirred mth 10 ml 
solvent, centrifuge, and filter, repeat 4 tunes, fil- 
trate 

5 ml 0 02 pH 4 65 acetate added to precipitate, clear 
solution 

5 ml sat magnesium sulfate added (precipitate), 
centnfuge and filter supernatant 

5 ml supernatant No 2, stir -f- precipitate No 1 
Ewane pepsin, filtrate 

5 ml supernatant No 2 from swine pepsin, added to 
preapitate No 1 from bovane pepsin, stir, centn- 
fugc and filter, supernatant 

Calculated if solubilities additiv e 



saturated magnesium sulfate The solubihty determined in this uay 
agreed v ith that found by stirnng the precipitate This shov s that 
the \ alue is an equilibnum one since the same value is obtained from 
both sides The expenmental technique v as the same as that previ- 
ously desenbed (6) 

A solution of three times recr> stallized svine pepsin vas treated 
m the same v a> 1 he solubility of the bovane pepsin deter- 
mined in this manner v.as found to be slightly less than that of the 
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swine pepsin but, owing to the small quantity a\ ailable, this difference 
could not be considered significant However, when the saturated 
solution of the swine pepsin was added to the solid bovine pepsin and 
the suspension stirred, the total protein and activitj of the resulting 
solution was very nearly equal to the sum of these quantities as 
detemuned separately with the two preparations The solubilities of 
the two preparations are therefore, additive which shows that the 
proteins are chemically different and form mixtures in the sohd phase 
The results of these experiments are shown m Table HI 
The solubihty of the swine pepsin is shghtlj higher than that previ 
ously found (12) owmg to shghtly lower magnesium sulfate concentra 
tion and shghtly higher temperature 

SDMMARY 

1 A method has been descnbed for isolating a crystalhne protein 
wnth high proteolytic activity from bovine gastric juice by means of 
preapitation with magnesium sulfate and fractionation of the preapi- 
tate wath acetone and magnesium sulfate 

2 The crystalhne protein obtained in this way has the same crystal- 
hne form, optical activity, and speafic activity, as determined by a 
number of methods, as does the crystalhne protein previously isolated 
from swine gastric mucosa 

3 The solubihty of the two preparations, however, is additive so 
that they are different although very doscly related proteins 
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THE PROCESS OF PHAGOCYTOSIS 


The Agreement between Direct Observation and Deductions 
EROM Theorv* 

By EMILY B H MUDD Ami STUART SHIDD 
(From the Deparlmenl oj Bacteriology, School oj Meitaiie, Umrerstly of Pennsyl 
vama, Philadelphia) 

PlATES I AND 2 

(Accepted for publication, December 22, 1932) 

The importance of surface forces in phagocytosis has Jong been rec- 
ognized Rhumblcr (1) successfully mutated many of the features 
of phagocytosis by simple physical models, and formulated his con- 
ception of its mechanism in terms of surface forces Tail (2) subse- 
quently treated the mechamsm of phagocytosis 
in terms of the interfaaal tensions involved 
Fenn (3) recognized the eather treatments as 
incomplete, and was the first to work out a satis- 
factory formulation of the surface forces con 
cemed in phagocytosis He showed that the 
same formulation could be derived cither from 
considerations of free surface energy or of in 
terfacial tension Fenn's treatment has re 
cently been elaborated by Ponder (4) 

The surface forces involved in the ingestion of 
a particle are the interfaaal tensions between 
the three phases in contact Let Text fig 1 
be a section through suspendmg medium, Trxr Fig 1 
phagocyte, and partially ingested particle 
Let O be a representative point in the hnc of contact bclw cen the 
three phases, let the vectors Si, Si, and Sn be the interfaaal tensions, 

• This m\csUgaUon has been aided b> a grant from the Facult} Rcscarcli 
Committee of tbc University of Pennsylvania 
025 




626 


PROCESS OF PHAGOCYTOSIS 


respectively, m the particle-fluid, phagocyte-fluid, and phagocyte- 
particle interfaces If > 5i2 + Sz the surface of the phagocyte 
TTOuld be drawn completely around the particle and ingestion would 
occur, provided viscosity or other forces did not mterfere with the ac- 
tion of the surface forces If Sis > .Si -{- ^'2 neither ingestion nor 
adhesion of particle and phagocjde would occur under the action of 
surface forces When Si < Sn -{- Sz and Siz < Sj -{- Sq, the surface 
forces are m equihbnum with the particle in a position of partial in- 
gestion, as shown in the figure, the position taken by the particle 
at equihbnum is such that Si = Sn + S- cos 6 

Unfortunately the treatment of surface forces in phagocytosis as 
formulated mathematically by Fenn and Ponder is not susceptible of 
ngorous expenmental test, for the reason that two^ of the interfaaal 
tensions involved are not measurable It is possible, however, to 
determine quahtatively whether or not the behavior of phagocytic 
cells, as directly observed and as analj^zed by expenment, is in agree- 
ment with the imphcations of the mathematical theory 

In the present commumcation we propose to examine three deduc- 
tions from the theory of Fenn and Ponder These are (1) that a quanti- 
tative correlation should exist between phagocytosis and the surface 
properties of the particles ingested, (2) that phagocytosis is essentially 
a phenomenon of spreading of the phagocyte surface over the surface 
ingested, and (3) that partial ingestion should occur under certain 
circumstances 

Corrdalion iekvcen Phagocytosis and Surface Properties — ^The first 
ob^'lous deduction from a theory vhich assigns to surface forces a 
pnnapal part in phagocytosis is that phagoc 3 tosis should be related 
in some orderly u ay uith the surface properties of the particles phago- 
cjtized This relation has been venfied over a very considerable range 
of expenmental conditions (7-14) Vanous bactena, erythrocytes, 
and protein-coated coUodion particles have been treated with graded 
concentrations of the phagocytosis-promoting substances of sera 
The electnc charge, isoelectnc point, u etting properties, and cohesive- 
ness of such senes of sensitized particles have been estimated in 

* It appears possible that at least an upper limit might be assigned to the phago- 
c\tc-hquid mterfacial tension b\ apphcauon of the method of Harvey (5) or of a 
modihcaLon of that of Cole (6) 
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independent tests, and the phagocytosis of the particles has been 
quantitatively determined, using mammalian phagocytes both of the 
polymorphonuclear and large mononuclear types A remarkably close 
correlation between phagocytosis and the surface properties of the 
particles undergoing ingestion has been regularly found As the sur- 
face properties of the test particles were altered step by step in the 
senesof serum dilutions, phagocytosis \\ as mcreasedm dose parallelism 
The condusion drawn from this work is that the phagocytosis-pro- 
moting substances of immune sera form on the partides with which 
they interact a surface deposit upon which phagocytes can spread (12) 
In the present communication we shall compare the other deduc- 
tions from the physical theory with the behavior of phagocytes under 
direct observation 


Expcnmcntal Methods 

Phagocytes — Exudative poljTnorphonuclear leucocytes (7) and large mononu 
dear phagocj'tes (macrophages) (13) ba\e been obtained from the pentoneal 
cavity of rabbits by methods elsewhere described These were washed m 0 85 
per cent NaCl or Ringer s solution and suspended m slightly diluted rabbit serum 
In the major part of the work the cells used were samples from the same lots used 
in quantitative phagocytosis expenments (13, 14) Human polymiorphonuclear 
leucocy tes were used m a number of experiments A platinum loopful of leuco- 
cyte suspension a loopful of the suspension of particles to be phagocytized, and 
a loopful of speafic immune rabbit serum were placed on a carefully cleaned slide, 
mixed, and a dean co\er slip was gently lowered on top The edges of the cover 
slip were sealed with SaUoUne In such films some leucocytes were freely sus- 
pended some were spread out on the slide and some on the cover slip, only rarely 
was a single cell in contact both with sbdc and cover slip The preparations were 
put immediately under microscopic obseivalion m a warm box kept near 37®C 

Parttdes Phagocyli^d — Suspensions of washed sheep and washed chicken 
erv throcytes, Bacienum iyphosum, Bacillus sulttliSf and Monilta albicans were 
used Specific rabbit antisera were prepared for the sensitization of each ty^pc of 
cell For observation and photography of the bacteria with the bright field, they 
were first stained with carbolfuchsm and then wwshed four to five times Ery 
throcytes and monilia were not stained With the dark field no slainmg was 
necessary 

Optical Apparatus — For transmitted bght Zeiss aplanatic N A 1 4 condenser 
For dark field Zeiss cardioid condenser Zeiss apochromatic 60 X objective with 
ins diaphragm, Zeiss 20 X compensaUng ocular Zeiss microscope incandescent 
lamp No 1 wath 165 watt Mazda projection bulb Zeiss Phoku camera Hyper 
sensitive panchromatic plates. For transmitted light, vellow G filter No 15 
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Exposure time with transmitted light, 3 seconds, with dark-field, 30-60 seconds 
Developer D II contrast (Eastman) Developed 5 mmutes, room temperature 
The superficial protoplasm of the phagocyte and the multiform processes and mem- 
branes to which it gives nse can be seen more clearly with the cardioid condenser 
than vnth anj other optical arrangement wnth which we are familiar 

EXPERIMENTAL RESULTS 

Phagocytosis a Phenomenon of Spreading — It follows both from the 
mathematical formulation of Fenn (3) and Ponder (4) and from the 
expenmental analysis (7-14) that the capacity of the phagocyte to 
spread over the surface of the particle undergoing ingestion is a pnn- 
cipal factor m determining phagocytosis Is this deduction m agree- 
ment with the process of phagocytosis as directly observed? This 
question we have examined with espeaal care Prediction and ob- 
senmtion have been found to be uniformly in agreement 

In mixing the phagocytes, erythrocytes or bacteria and serum as 
desenbed, many collisions between phagocytes and test particles are 
brought about Additional contacts between particle and phagocytes 
may later be made by the locomotion of the latter In the absence of 
sensitizing serum the test particles typically neither stick to one an- 
other nor to the phagocytes (Figs 1 and 2) and the particles are not 
ingested In the presence of dilute sensitizing serum, agglutination 
of the particles and adhesion to the phagocytes may be much in evi- 
dence with little complete ingestion occurnng (Figs 5, 6, and 11-14) 
In the presence of more concentrated sensitizing serum, the test par- 
ticles adhere to the phagocytes and are draivn into their cytoplasm in 
great numbers (Figs 7-10, 29, and 30) 

The test particles may be drawm into the phagocytes with compara- 
tively little distortion of the latter (Figs 29 and 30) Or a process com- 
posed of the h> ahne superficial protoplasm may flow out over the sur- 
face of the particle undergoing phagocytosis (Figs 3, 4, 15-19, 28, and 
34-37) A semidiagrammatic tracing of Figs 15-19 is shown in Text- 
fig 2 Or the spreading of the leucocytes over the sensitized particles 
may cause marked deformation of the leucocytes (Figs 20-24 and 
25-27) A semidiagrammatic tracing of Figs 25-27 is showm in 
Text-fig 3 

The t^pes of ingestion desenbed of course merge into one another 
For instance four chains of sensitized subtihs bacilli u ere seen arranged 
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in a diamond shaped figure with a suspended spherical macrophage 
in their center When fiuBt observed the chains wrere merely tangent 
and adherent to the macrophage surface Gradually the areas of 
contact between suhitbs chains and phagocyte surface increased, the 
adherent tangents becoimng arcs of ardes, which were slowly drawn 
into the macrophage protoplasm The ends of the chains projected 
for a time beyond the macrophage surface, but these eventually w ere 





drawn in also , in several instances hyaline processes w ere obser\ cd to 
flow out o\ er the projecting end of the subtibs chain ns the last step in 
Its ingesUon 

Tor purposes of companson between observation and deduction 
from theory the essential point is that in all instances obsened the 
particles were not taken up in vacuoles of the suspending medium, on 
the contrary Ihe protoplasm of the phagocytes j.as tn tmmcdiate contact 
atth the surface undergoing phagocytosis Phagocytosis as observed. 
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then, IS primarily a phenomenon of surface spreading — the spreading 
of the phagocyte surface over the surface of the object undergoing 
ingestion Prediction from theory*- and from expenmental analysis 
is thus in agreement with observation on this second essential point 

Before lea-ving this point, however, two possible sources of confu- 
sion should be mentioned Phagocytes of the large mononuclear type 
are able to form dehcate petal-hke extensions of their penpheral hya- 
hne protoplasm — the “sheet-hke pseudopods” of Snuth, Wilhs, and 
Lewis (15), the “undulating membranes” of Carrel and Ebehng (16), 
the “pscitdopodes pelaloides” of Faure-Frermet (17) (Figs 33 and 35) 
W H Lewis (18) has descnbed under the term “pmocytosis,” and 
shown in moving pictures, the engulfing of tiny vacuoles of the fluid 
medium by these processes Should such a vacuole contain a minute 
particle it would of course be engulfed also What may*- have been 
such an instance has been descnbed by Chambers and Borquist (19) 
However, although we have seen the phagocytosis of a large number 
of bactena and erythrocytes by direct extension of the phagocyte sur- 
face over the surface of the particle ingested, we have never observed 
ingestion m a vacuole Phagocytosis and pmocytosis we beheve to be 
quite different phenomena 

Another possible source of confusion is the fact that in stained films 
showmg phagocytosis bactena can often be seen to he in httle vacuoles 
in the cytoplasm (15, 20) These digestive vacuoles are seen especially 
about the bactena which have been ingested for some minutes and have 
been moved m toward the center of the cell These vacuoles are a 
phenomenon not of ingestion but of intracellular digestion 

Partial Ingestion — ^Fenn’s formulation of surface forces m phago- 
cytosis predicts that under certain conditions partial ingestion should 
occur, this is an important point of departure from the formulations 
of Rhumbler and Tait Fenn recogmzes tvo conditions 

(a) The free surface energy is at a rmmmum -Vrhen the particle is 
partially ingested, surface forces are therefore m equihbnum and 
satisfy' the equation = Sn + S: cos 6 

(b) Surface forces would tend to bnng about complete ingestion, 
but this is prevented by the resistance to deformation of the phago- 
cy'te, surface forces are therefore not m equihbnum but are held m 
check by' viscosity 
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The second condition has certainly been reahaed in our espenments, 
and to the best of our behef also the first Figs 31and32showfieldsm 
which macrophages were mixed with an emulsion of hght California 
mineral oil A tracing of Figs 31 and 32 is shown in Text-fig 4 
Emulsion droplets of small sue are readily and completely ingested by 
the macrophages On the larger drops the macrophages spread (Figs 

31 and 32) to positions determined by the balance between surface 
forces and their own resistance to deformation 
Inadentally it may be mentioned that such small emulsion droplets 
are very readily ingested by macrophages, but ordinarily not by poly- 
morphonuclear leucocytes Such a difference cannot be explained 
by differences m resistance to deformation, since the polymorphonu- 




TexiFic 4 Tracmg of Figs 31 and 32 Macrophages nhite with black 
outbnes, mineral oil stippled 

clears arc on the a\ erage more fluid cells than the macrophages This 
IS e\ idently an instance in which a difference m the surfaces of the two 
types of phagoeyte is a critical factor in determining phagocjdosis 
Another such instance was found m the quantitative phagocytosis 
Study, — collodion particles arc readily ingested by macrophages but 
not by polymorphonuclear leucocytes (13) 

Partial ingestion with surface forces in cquihbnum is more dif- 
ficult to demonstrate conclusively When weakly sensitucd cry thro 
cytes arc rmxed with phagocytes partial ingestion often occurs (Figs 
5, 6, and 11-14) Such partially ingested cells arc not completely 
ingested durmg the tune they are kept under observation c\ cn though 
this ma> be far longer than is required for complete ingestion of more 
strongly sensitucd erjthrocjtcs It is difficult to believe that the 
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partial ingestion by such a fluid cell as is shoivni in Figs 11-14 could 
represent anjdhing other than eqmhbnum under surface forces More- 
over m stained preparations (20) it has very frequently been observed 
that strongl}^ sensitized bactena vere completely ingested whereas 
weakly sensitized bactena under otherwise similar conditions were 
merely adherent to the surfaces of the phagocytes Although we 
reahze that such observations fall somewhat short of ngorous proof 
that the surface forces are in eqmhbnum, we beheve that this is by far 
the most probable interpretation The third deduction from theory, 
namely the occurrence of partial ingestion, is thus hkewise in agree- 
ment vnth observ'ation 

Viscosity — Loeb (21) has related the ameboid motion of the 
amebocytes of Lnmilns to “1) changes in consistency m the ecto- 
plasmic la3’’er as well as in the granuloplasm, 2) phenomena of con- 
traction and 3) surface tension changes ” Loeb in 1927 sought to 
carr)'- oA’-er these conceptions to the explanation of phagocytosis by 
mammahan cells, assigmng a pnmary importance to softemng of cer- 
tain parts of the surface layer of the cell in contact with a foreign body 
^A^lether or not such local softening occurs on contact of phagocytes 
wnth foreign particles, it is evident that the quantitative correlation 
which has since been demonstrated between phagocytosis and the 
surface properties of the particles phagocytized (7-14) is not explained 
b}-- xnscosity changes and is explainable in terms of interfaaal tension 
relations 

The resistance of the protoplasm to deformation is, on the other 
hand, a modifying factor in phagocytosis which, under certain con- 
ditions, may reach cntical importance Fenn (22) for instance found 
\ cry high temperature coefficients for phagocytosis below 30°C as 
compared with those above 30'* He interpreted his data as indicating 
that below 30° the \iscosit} of the phagocj'tes w as so high as to become 
the limiting factor for phagocj'tosis Ponder (4) has treated mathe- 
maticall\' the retarding influence of viscosity on the rate of phagocy- 
tosis He has shown, moreover, that when ingestion occurs in a 
mo\ing current such as the blood stream, in which forces may act to 
dislodge the particle undergoing ingestion from the phagocyte surface, 
the rate of ingestion as determined bj' viscosity may become a critical 
factor 
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An average difference in viscosit> between phagocj tes of the large 
mononuclear and the polymorphonuclear ts’pes has been obsened 
by E R and E L Clark (23), by Goss (24), and by ourselves (25) 
The macrophages offer on the a\ erage more resistance to deformation 
than the polymorphonuclears This difference has been evidenced in 
the present study in two ways In the first place the act of ingestion 
IS on the average more quickly accomphshcd by the polymorpho- 
nudears, and in the second the polymorphonudears are more readily 
distorted to all manner of bizarre shapes m spreading over the larger 
bodies phagocytized (Figs 25 and 27) 

Unformulated Factors — It seems dear then that surface forces are 
a pnnapal factor m determining ingestion, and that viscosity is an 
important factor in controlhng its rate It is perhaps w orth emphasiz 
ing, however, that a complete etplanation of the behavior of phago 
cytes IS not afforded by these factors alone A partide phagocytized 
under the action of surface forces does not enter a homogeneous liquid, 
but a system possessing internal organization in high degree The 
process which has spread over the partides undergoing phagocy tosis 
IS frequently retracted (Figs 15-26) The protoplasm of the phago 
cy tes possesses elastic properties (Figs 11-14) The ingested parti 
cles are commonly moved in toward the center of the cdl Ihcy 
frequently undergo rapid intracellular digestion The formation and 
retraction of pseudopods appears to be the consequence of internal 
changes wathin the cell as w ell as of the tendency of the cell surface to 
spread upon evtemal surfaces Reversible changes in nscosity, as 
csidenced by the appearance and disappearance of Brownian move 
ment, may be seen to occur in local areas within the cell 

CONCLUSIONS 

The phagocy to, then, is a complar system dchcately response c to in 
temal and cirtemal influences Intcrfaaal tensions, and under certain 
conditions viscosity, are critical factors in deterimmng the ingestion 
of particles wath which the phagocy tc has come into contact Dc 
ductions from the formulation of these factors by Fcnn and Ponder 
are in agreement with observation and wath c.rpenracntal analy 
SIS How ev er, other and still unformulatcd forces also enter into the 
behav lor of these remarkable cells 
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We are indebted to Dr Baldmn Lucke for most of the phagocytes 
used in this study, and to Dr Lucke and Dr Morton McCutcheon 
for cntical consideration of the manuscnpt 
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EXPLANATION OF PLATES 
Plate 1 

All figures are unretouched photographs of living phagoo tes 

Figs 1 and 2 Macrophages (w:), po^Tnoiphonudear leucocj tes (/>), and sheep 
erythrocytes The large macrophage m Fig 1 contains three ingested oil drop- 
lets No sensitizmg immune serum present, little or no agglutmation or phago- 
c> tosis of erythrocj tes 

Fig 3 A macrophage ingesting a sensitized cell of Ifomlta albxcam {mo) 
Note process of macrophage {pz) spreadmg around monilia 

Fig 4 A macrophage ingesting sensitized sheep ery throcj tes At top erj thro 
cytes bemg drawn mto macrophage On right a process spreading over two 
ei> throcytes 

Figs S and 6 Partial mgestion of weaUy sensitized sheep erythroc>^cs b> 
macrophages and polymorphonuclear leucocytes {p) The shadows marked (d) 
are dust on the camera lens 

Fig 7 A cluster of strongly sensitized er> throcytes surrounding and being 
drawn into a macrophage 

Figs 8 and 9 Successive stages m mgestion of a mass of strongly sensitized 
sheep erythrocj tes by a macrophage, the macrophage contains an oil droplet (o) 

Fic 10 A macrophage cml^dded in ond ingesting strongly sensitized sheep 
erythrocytes Ihe macrophage contains two prcv3ousl> ingested oil droplets 

Figs 11-14 Succcssi\c stages in migration of pobmorphonuclear leucocyte 
which has partiall> ingested weakl> sensitized sheep cr> throc> tes That portion 
(c) of the leucocyte to the left of the figure has partiallj ingested three cry throc> tea 
which remain adherent to the glass slide the portion (6) of the leucoc} te which 
contains one partially mgested crvthrocyt^ continues to migrate toward the 
lower nght hand comer of the field until the protoplasm of the leucocytes is stretched 
mto a Uim filament IVhile under direct observation the adherent crj throcy tes 
m the upper left hand comer were pulled loose from the glass and the protoplasmic 
filament contracted like a stretched rubber band 

Plate 2 

Figs 15-19 Successi\c stages in mgestion of dumps of stronglj sensitized 
typhoid bacilli by a polymorphonuclear leucocyte In Figs 15 16 and 17 a 
process of the leucocj tc spread o\ er a clump of sensitized bacteria showTi abom the 
leucocj te. In Figs 18 and 19 this process contracted, drawing the ingested bac 
tena toward the center of the cell In Fig 19 a second process began to spread 
over a clump of bacteria to the right of the Icucocj tc. 

Figs 20-24 Successive stages m contraction of the process of a poljTnorpho 
nuclear leucocyte which has spread o\er a dump of sensitized tj^ihoid bacilli 
In Fig 24 the process has contracted and the bacteria have moved m toward the 
center of the cell 
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Figs 25 and 26 A polymorphonuclear leucocyte spread over agglutinated 
B siiblihs In Fig 26 the cell is tending to round up and some bactena have mo\ed 
touard the center 

Fig 27 A poliTHorphonudear leucocvte spread over a X-shaped chain of 
sublths bacilh 

Fig 28 Two pobmorphonuclear leucocjtes each filled mth monilia cells A 
process (ps) of the upper leucocvte has just spread around a moniha cell, (vw), 
and the lover leucocyte is spreadmg over another half-ingested monilia cell 

Fig 29 A macrophage ingestmg stiblths bacilli Tvo chams of bacilh are 
adherent to the macrophage surface, the nght hand arm of the upper Y-shaped 
chain has been drawn mto the macrophage 

Fig 30 Siiblihs bacilli bemg drawn into a macrophage 

Fig 31 Macrophages mgestmg or spreadmg on the droplets of an emulsion 
of mmeral oil 

Fig 32 ISfacrophages spread out on a penmsula of mmeral oil 

Figs 33-37 Arc dark-field photographs 

Fig 33 Macrophage spread out on glass In order to bring out the detail 
of the penphcral hj'alme protoplasm, tlic detail of the central granular protoplasm 
has been lost bj overevposure 

Fig 34 Macrophage extended to a pear-shape by spreading over a subiths 
chain The sublihs cham (s) is the stem of the pear and the vague white around 
it {ps) a process of the macrophage 

Fig 35 The same macrophage a few mmutes later The cell has tlirown out 
tliin "vcil-hke processes” toward the top of the picture 

Fig 36 Macrophage with hyahne protoplasmic prociss {ps) spreading over 
a subltlts cham (s) The latter becomes out of focus in the upper nght hand corner 
of the picture 

Fig 37 Tvo macrophages vath subiths cham (s) between tliem Each cell 
has mgested one end of the bactenal cham and has extended a hyaline process 
(ps) on that portion which lies between the cells The subiths appears as a white 
chain and the two processes as delicate sheaths with dim outlines separated from 
the bactena by dark spaces The processes from the two cells met and remamed 
approximated for some minutes, both were then withdrawn mto their respective 
cells One process was observed to extend again out over the subiths chain before 
the field was lost to xiew 
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THE CHARACTERISTICS OF TJLTRAriETRATES OF PLASMA 
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(Accepted for publication, NoA-ember 19, 1932) 

1 

On the Estabhsinnent of Lqutltbrttim Conditions during the Process of 
VUrafiUration 

It has been tacitly assumed by many investigators that the fluid 
formed by filtration through partially semipermeablc membranes will 
be at diffusion equilibrium with the original fluid In case one of the 
indiffusible constituents of the original fluid has an ion in common 
wth a diffusible constituent, the so called Donnan membrane equilib 
num would be set up if time adequate for the attainment of equi 
libnum be allow cd There is an important question as to whether the 
cquihbnum would be set up within the time that the ultrafiltrate is 
passing through the pores of the filtering membrane Under expen 
mental conditions when a collodion membrane is used as the ultrafiltcr, 
the distance across the membrane is relatively great, that is, of the 
order of magnitude of tenths of a millimeter, and the time during w hich 
the filtered fluid remains on the membrane is so short, that is, a matter 
of minutes, that it might be supposed that cquihbnum conditions 
would never be set up if they depended upon diffusion equilibnum 
being reached across the whole membrane Actually, howeier, we 
must conceive of the diffusion cquihbnum as being set up across the 
h>’pothetical plane bounding the region within which the indiffusible 
constituents can move freely, and separating that region from the 
region they cannot enter, presumably because of diminutive pore size 
That IS to say, looljng at the membrane as a collection of pores be 
tw ecn solid blocl.s the membrane equilibnum must be set up across 
the plane of entrance to the pores Then, unless the fluid moves so 
rapidly through the pores that diffusion equilibnum cannot occur, we 
637 
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should expect to find the membrane equilibrium conditions set up in 
the fluid of the pores, the hunting factor being the rate of flow of fluid 
compared with the rate at which diffusion equihbnum is established at 
a given distance from the point of constant composition 
In order to calculate the distance through which diffusion equi- 
hbnum will be substantially complete in a given time, one can use a 
speaal application of Pick’s diffusion law, which is 



when C is the concentration at any distance x and time t, and k is tlie 
diffusion constant 

Andrews and Johnston (1924) have denved the integral for the case 
of diffusion in a single dimension into a slab, which has the form 

C sf-— — 1 -Hill’ ^ 1 

Cl t-'L 9 ^25 J 

This senes may be simphfied by neglecting all terms except the first 
which are insignificant when diffusion equilibrium is more than 36 
per cent complete The equation then becomes 



In this expression C is the average concentration difference from the 
onginal plasma concentration over the distance ^, Ci is the equihbnum 
concentration difference due to the Donnan effect, k is the diffusion 
constant of the solute under consideration, and the other symbols have 
their usual meanings It is assumed that diffusion is in one plane and 
that the concentration at the inside wall of the membrane is constant 
and equal to that in the body of the interior fluid from wluch ultra- 
filtration is occurnng 

The diffusion constant of sodium chlonde in water, according to 
Landolt-Bomstcin, is 0 94 cm - per day Using this value for k one 

C 

can calculate the ratio — at \anous xalucs of t and a In Fig 1 are 

Cl 

plotted the \alues of a for the times at which equilibration is 95 per 
cent complete This proportion may be taken because the difference 
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between plasma concentration and final ultrafiltrate concentration is 
of the order of magnitude of 20 mg per cent chloride, and 95 per cent 
of this difference represents the limit of experimental accuracy in 
deterrmnation It is to be seen that at 1 second such an approach to 
equihbnum would be estabhshed at a distance of 0 03 mm from the 
plane of separation In the same figure is shown the maximum rate of 
flow through the pores of the membrane, calculated from the data of 



Fig 1 The distance o\cr which diffusion equihbnuni 15 substanUallv complete 
in relation to time The sohd Ime hows the course of the diffusion cquilihnum 
distance with tune The lower broken line shows the distance o\cr which fluid is 
passing m the pores of the membrane according to the calculations in the text 

Hitchcock (1926) for the dimensions and the number of pores per unit 
area of membrane, and our own figures for the rate of flow across the 
membrane According to Hitchcock the minimum pore radius in 
such membranes is 0 3 X 10”* cm and the minimum frequency of 
distribution is 7 X 10'* per cm According to our obsen ations the 
maximum rate of filtration was 2 27 X 10"' cm per second, assuimng 
that the whole surface was permeable Taking Hitchcock’s figures, 
the minimum pore area is 0 19S cm ’ per cm ’ of membrane surface 
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Using this figure it appears that the maxunum velocity of flow through 
the pores of the membrane is 1 14 X 10“^ cm per second 

This figure represents the maximum velocity, according to the data 
at hand, which the fluid flowing through the pores of the collodion 
membrane in our ultrafiltration expenments would have It is 
apparent from the graph that at this rate of flow equihbnum wall 
certainly be substantially complete while the fluid is moving through 
the pores It is also obvious that ivith membranes having a thickness 
of 0 2 mm diffusion equihbnum would be complete m the time 
available even if that equihbnum had to occur across the whole mem- 
brane Thus it IS apparent that one should expect to find the mem- 
brane equihbnum set up even during the dynamic process of 
ultrafiJtration, by virtue of the fact that the mechanical flow of fluid 
IS relatively very slow compared with the rapidity with which diffusion 
equihbnum is set up over short distances It seems obvious from our 
measurements and calculations that at least until the rate of flow 
through the pores reaches a speed of 5 X 10“- mm per second, which 
IS 50 times the speed we calculate to occur, diffusion equilibrium 
should be estabhshed 


n 

The Exact Mcasiircmcnl of the Concentration of Electrolytes in 

Ultrafiltrates 

There are hundreds of papers upon the subject of the composition of 
ultrafiltrates of plasma, but in none of them is there any clear evidence 
as to whether or not the distnbution of ions is influenced by the mem- 
brane equihbnum For the most part investigators have been con- 
cerned vath the question as to whether one or another constituent of 
plasma is freely diffusible The entenon has usually been the existence 
of identical concentrations of the constituent m the plasma and the 
ultrafiltrate Obviously this cannot be the correct entenon if the 
proteins influence the lomc activity or if the Donnan effect occurs 
In most instances, furthermore, investigators have neglected to 
calculate their results on the basis of the vater content of the fluid 
rather than the ^ olume Inasmuch as in the case of plasma an error 
of about 8 per cent results from such neglect, it is not surpnsing that 
the conclusions from such observ'ations should be inadequate Neu- 
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hausen and Pincus (1923) found that collodion membrane ultrafiltrates 
of plasma showed nearly the same concentration of sodium chlonde as 
the plasma from which they w ere dcnv cd In their experiments there 
was a random difference which they did not attempt to interpret or 
analyze Several other investigators have made similar observations 
Particularly m view of the fact that phjsiologists arc assummg that 
certain ultrafiltrates or dialysates of plasma such as ascitic fluid and 
other edema fluids should show differences in the concentration of 
ions predicted by the Donnan membrane equihbnura, it seems 
desirable to make an exact study of the ultrafiltration process itself 
with sufficiently careful analytical methods, in order to be able to 
estabhsh the existence or non existence of such a membrane 
equihbnum 

In such a study it becomes necessary in the first place to determine 
with adequate methods what differences if any exist between the con- 
centration of various ions in the plasma and ultrafiltrates from it, and 
to see whether changes in the base bound by protein, whicli would be 
anticipated to affect the membrane equilibrium distnbution ratio, do 
actually alter it For this study ne have chosen the sodium, potas 
Slum, and chlonde ions for measurement Some of the finer points in 
analytical technique, which may be disregarded when less exacUng 
results are wanted, have had to be closely attended to in this 
investigation 

(a) Melhods 

Collodion sacs for ultrafiltralion were prepared from a solution of 10 gm of drv 
pyroxylm m 100 cc. of equal parts of alcohol and ether, to which S per cent of 
glycenn was added The collodion solution was poured into chemieallj clean 2S 
I 200 mm PjTex test tubes The excess was drained bj inverting dunng slow 
rotation Alter 5 minutes rotation the casting was repeated and the test tube was 
set up mverted on a piece of dn filter paper for a penod of § hour, after winch the 
membrane was removed from the test tube and immersed m disullcd water satu 
rated wath chloroform where it was kept at refngcrator tcmpcralurc unUl use 
A large number of membranes were made at one time and used for a number of 
experiments. The) were tested as to their impcmieability tor protein and practi 
cally all membranes made h> this methodwerc found to be unpcrmcable The sacs 
were blotted dry with clean filter paper before use Thej were then nnsed three 
or four tunes wath plasma and tied securely to perfomicd rubber stoppers. They 
were filled through the holes of the stopper and were then placed in a glass jacket 
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fitted mth two side arms for flushing with air of proper composition as noted 
below Pressure was applied over the fluid m the sac and mamtamed con* 
stant bv the use of a large air pressure bottle, usmg a mercur}'’ manometer to 
measure pressure The air used m the pressure bottle and over the fluid in the 
sac, as well as m the jacket, uas obtained from a large reservoir mamtamed at tlie 
COj tension to vhich the plasma had been equilibrated and possessmg the same 
TOpor tension as the plasma, by having been passed through 0 9 per cent sodium 
chloride In this wax possible errors due to evaporation and changmg COj tension 
were eliminated The fluid for analj sis nas measured by weight masmuch as it is 
impossible to calibrate a pipette to deliver accurate volumes of fluids of varjung 
surface tension and viscositj’’, such as are possessed by plasma and ultrafiltrate 
This IS a verj' important point, and failure to take it mto account leads to senous 
error It is not necessan’- to neigh each sample of a given fluid if the same pipette 
IS used for the successive samples, smee a smgle weighmg will obviously deter- 
mine nhat the pipette mil deliver of a given flmd In practise it is therefore only 
necessarj'' to neigh one quantity of eveiy specimen, and this nas done nith the 
specimen used for dctermming total solids and water 

The chlondcs nere determmed by the digestion method of Van Slyke (1923) 
dunng the major part of this investigation In our first tnenty experiments we 
attempted to use tlie V'hitehom method but found that, although with certain 
samples of plasma results obtained agreed mth those obtained by the theoreticallv 
more accurate digestion mctliod, there nas usually a difference shomng a larger 
quantit} of chloride in plasma bj the VTuteliom (1921) method This difference 
ne behc%e to be due to the fact that in making the dilution accompanied by pro- 
tein precipitation the x olume of the protein precipitate is neglected It seems that 
this introduces a s} stematic error of at least 3 per cent, which would enter in only 
in the case of the protcm-contaming fluid and nould therefore completely invali- 
date the method for companson of plasma nith its ultrafiltrate We have found 
tlie digestion method to be reliable under all circumstances under which no have 
tested it The sodium nas determmed by the uran>l zme acetate method of 
Kolthoff and Barber (1928) For the determination of sodium the plasma samples 
(1 cc) nere ashed b\ repeated evaporation to dryness mth 1 cc concentrated 
mine acid to nhich3 or4dropsof supcroxol had been added Usually tno or three 
emporations nere necessary The anahsis of sodium has been one of the major 
difficulties in the approach to the problem under in\cstigation, and ne have there- 
fore earned out a rather careful studi of the analj tical accuracy of this method 
The results nhich ne ha\c to present depend for their validity upon the accuracy 
aalh nhicli the ions in question can be determmed, and smee the method is rcla- 
ti\ cl\ untned, n e earned out 50 consecuti\ e analy ses of the same sample of plasma 
to estimate the probable error of the method The results are given in Table I 
In the sample of plasma containing 33S 9 mg per cent sodium the maximum 
delation nas 1 70 per cent The mean demtion nas 0 515 per cent and the 
probable error of the mean 0 059 per cent It is to be seen that a -very high degree 
O’ rccuiac\ is jxiiSibk Potassium las determmed by the colonmetnc technique 
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of Breh and Gaebler (1930), \ising the sodium silver-cobiltimtnte method In 
analysis of known solutions we ha%c found this method to be fairly accurate, 
although not so accurate as the sodium method Potassium has been found to be 
have somewhat differently from sodium m the uUrafiltration process, and as high a 
degree of accurac\ is not necessary m order to make sure of this difference 

TABLE I 

Analysts of Sodtutn Method 


50 consecutive analyses of 1 cc samples of one specimen of blood 


Sodium j 

Deviation 
from mean 

Sodium 

Derution 
from mean 

Sodium 

Deviation 
from mean 

iff ftr lOOttn 1 

na 

per eeni 

i/e per 100 tm \ 
I/iO 

Pet ttnl 

iff pnlOOtn, 
£7fO 

per ten! 

340 1 i 

0 35 

337 7 

0 35 

340 ^ 

0 41 

340 7 

0 52 

336 8 

0 61 

339 8 

0 26 

336 7 

0 64 

336 7 

0 67 

338 2 

0 20 

338 6 

0 09 

342 3 

1 00 

338 2 

0 20 

339 6 

0 20 

336 4 

0 73 

341 8 

0 84 

335 6 

0 96 

340 0 

0 32 

341 2 

0 67 

341 2 

0 67 

338 2 

0 20 

335 7 

0 93 


0 87 

; 335 0 

1 13 

337 4 

0 44 


0 70 

340 3 

0 41 

1 340 5 

0 46 


0 17 

340 0 

0 32 

340 3 

0 41 


0 41 

1 338 8 

0 03 

342 0 

0 90 

338 3 

0 17 

336 5 

0 70 

342 2 

0 96 

336 5 

0 74 

338 8 

0 03 

341 9 

0 87 

340 8 

0 55 

1 338 2 

1 0 20 

337 0 

0 55 

341 2 

0 67 

337 1 

0^2 

337 7 

0 35 

338 9 

0 00 

; 340 0 

i 0 32 

339 5 

0 17 

332 9 

1 /O 

338 3 

0 20 




Mean of all determinations *= 338 9 mg percent 
Mean deviation — d: 0 515 per cent 

Standard deviation « e =• » 0 6139 per cent, 

n 

Probable error of the mean p - ^^vi =r — 0 0585 per cent 
V50 

Sodium chlonde, and potassium were determined in dupheate in each instance 
The hydrogen ion concentration of the plasma was measured with the quinhy 
drone electrode using a potentiometer and galvanometer of adequate accuracy 
The carbon dioxide content of the plasma was determined by the method of Van 
Slyke and NeiU (1924) In equilibrating the pbsma with definite tensions of 
COj the COr^ontaining air was stored in a Douglas bag and its composition was 
determmed by the Haldane method 
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Ultrafiltration was earned on at a pressure of 100 mm of mercun' and the rate 
of filtration was from 2 to 4 cc per hour through approximately SO cm^ area of 
membrane After estabhshmg the pressure at the commencement of filtration, 
the surroundmg jacket was removed and the first 0 5 cc of filtrate w'as absorbed 
from the wall of the collodion sac by dry clean filter paper, m order to eliminate 
the error of dilution due to tlie water retained in the pores of the membrane 

(b) The Conccnlration of Sodum and Chloride in UllrafiUratc and 

Plasma 

The first question to be decided is as to whether the concentration 
of the several ions under investigation is identical m an ultrafiltrate 
and in the plasma from which it came In Table II are shown the data 


TABLE II 



Proteins 

Solids 

[ci] 



per cent 

per cent 

BB 

tnm perks 
IW 

Plasma 

5 9 

6 48 


151 1 

Residue 

7 4 

7 96 


157 9 

Mem plasma 



127 6 

154 9 

UllrafiUratc 

0 

1 07 

132 7 

141 8 


^cblorlde 


[cj, 


[a]„ 


= 0 963 


^ eodlum 


r+1 

.Najw 


= 0 916 


of a typical expenment It is to be noted that the concentration of 
sodium and chloride m the water of the ultrafiltrate is different from 
that of the onginal plasma, while the concentration in the residue left 
in the collodion sac is hkewnse different from the onginal The ultra- 
filtrate was being formed from a plasma of changing composition, 
presumabh, therefore, the concentration of the ultrafiltrate was not 
constant through the whole process, but was gradually changing It 
is therefore the composition of an average ultrafiltrate that w e measure, 
and it IS consequentlj improper to compare it with the concentration 
m the onginal plasma, rather one must compare it with the average 
concentration of the fluid oxer the time dunng xxhich it was filtered 
Tal mg the mean of the residue and the onginal plasma, and companng 
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With the ultrafiltrate, which is an average, the ratio one obtains is the 
true concentration ratio In the case of sodium one finds the concen 
tration is less in the ultrafiltrate than in the plasma In the case of 
chloride one finds more in the ultrafiltrate than in the plasma from 
w hich It came 

It IS important to note that this inverse behavior of sodium and 
chloride would be predicted if their distribution were determined bv 
the forces entenng into a membrane equihbrium when an indiflusible 
anion is present This may be taken as suggestive but not conclu 
sive evidence that the membrane effect produces the concentration 
differences 


TABLE m 


Couatilralton Ratio for Sodium vi Consecutive VltraJiUrattoiis of Several Samples of 
Do^s Plasma equilibrated with Air Containing 6 per cent CO* 


0 952 

0 900* 

0 918 

0 911 

0 914 

0 913* 

0 955 

0 951 

0 940 

0 908t 

0 929 

0 9H 

0 902 

0 930t 

0 919* 

0 978 

0 916 


Mean “ 0 92(5 

(T ±0 021 

p r « ■= ±0 OOI 


* Average of three complete ultrafiltralions on one sample of plasma 
t Aserage of tvro such complete runs on one plasma 


In order to determine whether the difference between tlie concen tra^ 
tion of sodium in the water of the plasma and m the w ater of the ultra 
filtrate is a significant one in relation to the possibilities for analj tical 
error in the method, it is necessarj to studi a senes of observations 
In Table III are shown the results with seventeen samples of plasma 
representing twenty three complete ultrafiltration expenments The 
mean value for the concentration ratio for sodium in ultrafiltrate as 
compared wath the plasma from which it was den\ ed is 0 920 The 
difference between this and the ratio 1 000, which would exist if there 
w ere an equivalence in concentration of the tw o, is 0 074 This v alue 
IS more than three times the standard deviation and is ncarlj twentj 
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times the probable error of the mean of this senes There is obviously 
a sigmficant difference Companng the probable error of the mean for 
the concentration ratio with the probable error of the mean of a senes 
of determinations of a single sample of plasma, as shown in Table I, 
it IS to be noted that the probable error of the former is about seven 
times the probable error of the mean in the latter This is due to the 
fact that in the calculation of a “concentration ratio” analytical values 
in three separate flmds must be dealt with The random variations 
due to the inherent maccuracies of the technique therefore enter in 
three times, and although they may cancel each other out — and usually 
do — they vitII on occasion be in the same direction and therefore 
cumulative 

In the case of chlonde the concentration ratio r has been found to 
have an average value of 0 969 for plasma equihbrated with COo-con- 
taining air, as is shovm in Table V There is thus a difference of 0 031 
betv een the ratio observed and that which would occur if the concen- 
tration of chlonde vere identical in plasma and ultrafiltrate The 
standard de\nation in this senes, which represents twenty-three com- 
plete ultrafiltrations on thirteen samples of plasma, is 0 009 and the 
probable error of the mean is 0 0016 One can state with assurance 
that the distnbution of chlonde m plasma and ultrafiltrate is unequal 
and that therefore some factor such as the membrane effect must enter 
into the process 

(c) The Injlucncc of Changing the Ainouni of Base Bound by Protein 

In the course of these expenments it v as observed that there was a 
correlation between the bicarbonate content of the plasma and the 
sodium and chlonde concentration ratios We therefore compared the 
concentration ratios for each sample of plasma at different hydrogen 
ion concentrations produced by equilibrating portions of the plasma 
with diffenng tensions of CO; m air In Table IV are presented the 
analytical results of one such complete evpenment It is apparent 
that raising the pH bj' dimimshmg the bicarbonate increases the 
difference between the concentrations in ultrafiltrate and plasma 
That IS to say, at the higher pH there is more chlonde and less sodium 
ultrafiltered In this connection it should perhaps be noted again 
that the pertinent pbsma concentration is the a\erage betv.ecn the 
original and the residue 
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TABLE V 


Concentrahoii Ralto for Cl and the Change wilh AUeratiors vi fR 


Eipe-iment Xo 

T 

T (pH about 7 00) 

f 

(pH about 7 70} 

A T 

1 

0 95S 

0 935 

-0 023 

2 

0 973 

0 961 

-0 012 

3 

0 972 

0 963 

-0 009 

4 

0 964 

0 943 

-0 021 

5 

0 962 

0 953 

-0 009 

6 

0 960 

0 939 

-0 021 

7 

0 967 

0 93S 


8 

0 971 

0 940 


9 

0 992* 

0 951* 

-0 041 

10 

0 976* 

0 957* 


11 

0 972t 

0 930t 

-0 042 

12 

0 962t 

0 944t 

-0 018 

13 

0 965* 

0 925* 

-0 040 

Mean 

0 969 

0 944 

-0 024 

<r 

^0 008/ 

iO 0116 

iO 0118 

PEn 

±0 0016 

iO 0022 

dbO 0022 


* Average of three complete experiments on the same plasma 
TA\erage of tvo such experiments 


TABLE VI 


Change xn Concentration Ratio for Sodium vnth Alteration of Hydrogen Ion Concen- 
tration of Plasma 


Senes 1 

Senes 2 

ApH 

Ar 

A pH 

A r 

+0 67 

-0 014* 

t 

-0 021 

+0 61 

-0 021* 

t 

-0 061 

+0 80 

-0 023i 

t 

-0 068 

+0 95 

-0 004t 

t 1 

-0 068 

-{”0 85 

-0 oil* 

t 

-0 038 

Mean 

-0 015 


-0 051 

c 



±0 018 

PEr, 

±0 002 


±0 005 


* Figure represents the average of three complete nms on one sample of plasma 
j pH vvas not measured but CO 2 content detenmnabons mdicated ApH approxi- 
matel} -r 0 90 

J Figure represents average of two complete nms 
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In order to be sure tbat random aanations are not so large as to 
destroy the sigmficance of the differences we have consistentlj oh 
served to be as indicated abov e, it is necessary to make a statistical 
analy sis of a comparable senes Table V shows the data of a number of 
similar expenments so analyzed In the last column is shown the 
change in concentration ratio with the change m pH from 7 00 to 7 70 
The average Ar is —0 024, and the probable error of the mean is only 
0 002 All values of Ar hav e the same sign, and there seems to be no 
reasonable room for doubt that the pH determines the value of r 
Increasing the alLalmity of the plasma, that is, incrcasmg the base 
bound by protein, causes more chlonde to appear in the ultrafiltrate 
and "ICC versa 

In a similar way the data for all comparable observations on sodium 
are presented and analyzed m Table VI Here again one invariably 
finds that r diminishes with increases m pH The regulanty of the 
difference is not so great as with chlonde, probably because of the 
greater inaccuraaes of the sodium method, but m spite of that fact 
there is obviously a sigmficant change in the concentration ratio for 
sodium with a change m hy drogen ion concentration 


(d) The Beha-aor of Polasstum in UUrafiUration from Plasma 


[fvnl 

The concentration ratio for potassium r = has been found to 


be 0 901 when the plasma is about pH 7 00 WTien the pH is increased 
to around 7 70 the concentration ratio has been found to fall to 0 816, 
as indicated in Table VH Thus in the case of potassium as well as 
the other ions the hydrogen ion concentration determines the concen 
tration ratio 

In Table VIII arc presented for companson the av erage concentra- 
tion ratios for sodium, chlonde, and potassium in all comparable 
cvpcnmcnts The great difference in concentration ratios for these 
three ions is unmistakable If the activity coefficient of each of the 
ions w ere the same, and all of the distnbution differences w ere due 
to the membrane equihbnum phenomenon, the concentration ratios 
should be identical for all ions Obviously, then, either the activity 
coefficients arc different for the sev eral ions or the membrane cqmhb 
num effect of indiffusible ions is not the sole factor in bnnging about 
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the distnbution differences The simplest explanation of these find- 
ings IS probably to be found by making the plausible assumption that 
the activity coef&aents are different If one were to assume that the 
activity coefficient of the chlonde ion in plasma is the standard for 
companson for the other ions, then the sodium ion activity is less than 
the chlonde, while the potassium ion activity is still lower than the 
sodium 


TABLE VII 


Concenlralion Rahos for Potassium and the Change with Alteration in pH 


Expcnment No 

r 

(pH about 7 00) | 

(pH about 7 70) 

A r 

14 

0 905* 

0 845* 

' -0 060 

IS 

0 897t 


-0 088 

16 

0 900t 

0 804t 

-0 096 


* Average of three complete experiments on one sample of plasma 
t Average of two experiments 


TABLE Vm 

Comparison of Average Concentration Ratios for Cl, Na, and K in all Experiments 



f 

(pH about 7 00) 

(pH about 7 70) 

Cl 


■EH 

Na 



K 

■■I 



(e) The Calculahon of the Magmtude of the Membrane Equihbrtum 

Effect 

It IS not certain that the concentration changes produced in the 
ultrafiltrate by altenng the amount of base bound by protein in the 
plasma are connected with the membrane equihbrium phenomenon 
It IS altogether possible that other factors might operate to bnng about 
the same effect, and it is therefore of interest to see how closely one 
can account quantitatively for the observed phenomena by calculations 
from known data, usmg the assumption that the distnbution of sodium 
and chlonde on the two sides of the ultrafilter membrane is actually 
detenmned by the Donnan membrane equihbnum 
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In order to calculate the magnitude of the Donnan distribution 
ratio one must know accuratelj the amount of base bound by protein, 
which most investigators have not attempted It is possible, how- 
e\ er, to calculate more simplj and accurately the difference m the ratio 
r which would be expected when the pH of the plasma is altered by a 
change m the COj tension with which it is equihbratcd F rom this 
difference, as the derivation below indicates, can be calculated the 
change m the base bound by protein which presumably caused it 
The change in the base bound by protein was experimentally measured 
m these experiments by determination of the differences m the HCOj 
content This is, of course, also a measure of the change in the total 
concentration of diffusible anions in the plasma, since the bicarbonate 
IS the only diffusible amon that appreaably alters with a change m 
COi tension Thus by comparing the calculated with the observed 
values for the change in concentration of diffusible anion, or com ersely 
in base bound by protein, one can test whether the membrane 
equihbnum theory satisfactonly accounts for the observed distnbu 
tion ratios 


Let r “ distribution ratio m the more aad condition 
r, ■= distribution raUo in the more basic condibon 

average concentration of chlonde in milfunols in the plasma dunng 
ultiafiltraUon at the higher CCh tension 
[CIJ Concentration of chlonde m the ultrabltratc at the higher COj tension 
fifpal “ Concentration of all diffusible anions in the plasma at the higher COj 
tension 

Mm] Concentrationofalldiffusibleamonsmthcultrafiltratcat the higher CCb 
tension 

Subsenpt pb mdicates concentration m the plasma during ultrafiltration at the 
lower CO3 tension and higher alkahnit> 

Subsenpt ub mdicates concentration m the ultrafiltrate at tlie higher alkalmit> 


From the classical Donnan equation 

[gj ^ [iJ 
la 1 [d ] 


, (oj [iti] 
laj [d .1 


( 1 ) 


ft) 
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From the law of electrostatic neutrahty and the fact that Na is 
the quantitatively important cation one can state that 

[4„J = [aJ 

and 

(3), 

[Na„J = 

By substitution in (l) and (2) 

(4) 

U,a] = X [Na„J 

and 

(5). 

Upb] = n X [Na„J 

For convenience one can define 

(6) 

A[iJ = [aJ - [aJ 

0) 


Since with a change in CO 2 tension the only diffusible anion whose 
concentration changes is the bicarbonate ion, 

A[iJ = a[hcoJ (8), 

where AjHCOs] is the difference in milhmols between the bicarbonate 
content of the plasma in the more aad and the more basic conditions 
If one substitutes the expenmentally determined values given in 
Table IV in equations (5) and (6) one finds 

r- 1 3312 

[aJ = 0 965 X — = 138 9 

and 


r- 7 328 2 

[aJ = 0 925 X — = 1319 

Therefore from equation (7) A[Ap] = 70 The measured value of 
^[HCOs], which should equal A[Ap], is 5 1 Computation for thirteen 
such complete ultrafiltrations shows that the calculated average value 
for A[Ap] =54 mm , while the expenmentally deterrmned quantity 
AfHCOs] = 48 mm The agreement between the calculated and the 
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observed values is suffiaently close to permit the conclusion that the 
membrane equihbnum theory will account quantitatively tor the 
facts observed 

(J) The Influence of lomc Aclmly upon the Distribution Ratios 

It IS interesting to consider the possible reason for the differing 
distnbution ratios for the several ions It seems most hkely that these 
differences are due to differing ionic activities for the sev era! ion species 
If the assumptions are made that the activity of the chloride ion is 
not influenced by the presence of the protein in phsmi and that the 
sodium ion activity m the ultrafiltrate is equivalent to its activity in 
other solutions of similar lomc strength, it is possible to calculate the 
activity coefficient of the sodium ion in the plasma from the observ ed 
distnbution ratios Stadic and Sunderman (1931) have shownthat the 
chlonde ion activity is not lowered m hemoglobin solutions, whereas 
the activity of sodium in hemoglobin combination is markedly low ered 
It is furthermore possible to calculate the difference in ionic activity 
with a change in the hydrogen ion concentration of the plasma For 
the more acid condition one may wnte 

[oj o [Na 1 
' “ [cl 1 ” [Na, ] 

and 

^ - i 

a r 

For the more basic condition 

_ 1 X - — 

where a , represents the activntj coeffiaent for the sodium ion in the 
ultrafiltrate, the same in the plasma, and other sjmbols as before 
In our observations at pH 7 0 summanzed m Table VIII the acti\nt> 

ratio — for sodium is equal to 0 958, which implies that the activitj 
or < 

of sodium in the plasma is depressed somewhat more than 4 per cent 
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by the presence of the protein Similarly in the case of potassium one 
calculates that at pH 7 0 the activity ratio is 0 929, while at pH 7 7 it is 
only 0 866 Thus it is apparent that the values for the distnbution 
ratios of sodium and potassium lower than the value for chlonde can be 
mterpreted as due to the depression of the activity coe&cient for the 
cations by the protein in the plasma It is impossible from the data 
at hand to be certain as to the exact magnitude of the effect, but it 
appears to be very probable that in the altered distribution ratio for 
cations from that for chloride, one is deahng with an effect of the 
altered activity coefficient of cations by protems on the alkahne side 
of their isoelectnc points 

Greene and Power (1931) have preferred to treat their data on 
dial3'^sis of plasma from the point of view of the degree of dissoaation 
of alkah protemates Their experimental findmgs concermng the 
percentage inactivation of the several cations by the influence of the 
protein in the plasma agree with the results presented here 

(g) The Btologtcal Stgnificance of These Sindtes 

It seems apparent from the results here presented that m order to 
judge as to whether a biological fluid is or is not an ultrafiltrate of 
blood plasma it is necessary to take into account the fact that ultra- 
filtrates apparently come into membrane eqmhbnum concentration 
with the fluids from which they are formed Furthermore, the 
membrane equihbnum ratio is very considerably altered by changes in 
the hydrogen ion concentration of plasma over physiological ranges 
Consequently ultrafiltrations must be made at the hydrogen ion con- 
centration and carbon dioxide tension existing in the organism before 
results of such ultrafiltrations can be interpreted in connection with 
this problem 

These results seem to stress further the importance of more careful 
study of the activity of the several ions in biological systems, and show 
the inadequacy of comparing analytical concentrations directly as a 
test for determining whether or not a fluid is a simple ultrafiltrate 

SUMMARY 

1 Calculations from the Fick diffusion law are shown to predict that 
membrane equihbna should be estabhshed dunng the course of 
ultrafiltration 
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2 It IS show n that the chloride ion is more concentrated and the 
sodium ion less concentrated in the ultrafiltrate than in the plasma 
from which the ultrafiltrate was derived 

3 It has been found that b) increasing the base bound b> protein 
through a reduction in the bicarbonate content the difference between 
the plasma concentration and the ultrafiltrate concentration for the 
several ions studied mcreasea 

4 Calculations from the Donnan equation as to the magnitude of 
the change in base bound by protein at differing hydrogen ion concen 
trations are in substantial agreement w ith the observed values, thus 
rendenng it probable that the membrane equihbnum effect is rcsponsi 
hie for the change in distnbution ratios observed 

5 It IS pointed out that the observed difference in the distnbution 
ratio of cations from that of the chloride anion is probably to be ex 
plained by the influence of protein in lowenng the activity coeffiaent 
of cations when on the alkahne side of the isoelectnc point 

6 It IS pointed out that account must be taken of these observ ations 
in any consideration of the r61e of ultrafiltration in the production of 
any secretion or body fluid 
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THE EFFECT OF CYANHiE AND OF VARIATION IN 
ALKALINITY ON THE OXIDATION-REDUCTION POTEN- 
TIAL OF THE HEMOGLOBIN METHEMOGLOBIN 
SYSTEM 
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(Accepted tor publication, January 4, 1933) 

Since Ray Lanlester (1869) studied the effects of cyanogen upon 
hemoglobin, numerous divergent reports, relative to compounds of 
cyanide with the blood pigment have appeared in the literature 
These reports may now be mterpreted in light of recent investigations 
on the physical chemistry of the hemoglobin molecule For instance, 
that Hoppe Seyler (1868) obtamed a crystalline reaction product of 
hemoglobm and cyanide we neither doubt, nor explain as did Gamgee 
(1898) on a basis of inadequate separation Hemoglobin has many 
basic groups functiomng throughout the pH range over which ejnm- 
lon IS hound and there are reasons for assuming the existence of fer 
rous and feme hemoglobm cyanides of varying composition, cyanide 
bemg Imbed to one or more of the basic groups of the globin radicle, 
as any protein mav combine with aadic radicles 
In this study w c are more interested in the nature of c> amde link 
ages with the prosthetic groups of hemoglobin denvatives The con 
elusions of Warburg (1923), in which he ascribes the r6Ie of respiratory 
catalyst to the hematin hemochromogen system, the ivide distribution 
of this system in nature (Keihn, 1925), and the poisonous effects of 
cyanide ion upon the system (Warburg, 1923 Dixon and Elhot, 1929, 
direct our attention to the possible modes of combination of cy amde 
ion wath the constituents of the system A compound of cyanide and 
hematm has been prepared by Ziemke and Miller (1901), who found its 
spectroscopic bands to be similar in position to those of cy anmethcrao- 
globm Anson and Mirsky (1928) describe two compounds of “re 
duced heme” wath cyanide A crystalline compound of cyamide and 
dSl 
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methemoglobm containing one mole of hydrogen cyanide per iron 
equivalent of the pigment was prepared by von Zeynek (1901) who 
showed that the cyanmethemoglobm of Kobert (1891) is a methemo- 
globin derivative 

Ealthazard and Phihppe (1926) report an evanescent spectroscopic 
picture, seen dunng the course of a reduction of cyanmethemoglobm, 
which they ascribe to the mtennediary formation of a compound of 
reduced hemoglobin with cyanide They assign to cyanmethemo- 
globin the formula IIbO(CN )2 

The electrometnc study of hemoglobin imtiated by Conant (1923) 
has opened another pathway for investigations of the reactions of 
certain blood pigments From his studies, Conant deduced that 
methemoglobm differed from reduced hemoglobin only in that the iron 
of the former is in the delectronated or feme form The iron of re- 
duced hemoglobin is m the electronated or ferrous form The iron 
in oxyhemoglobm and m carbon monoxide hemoglobm did not par- 
ticipate as an oxidant or reductant in this oxidation-reduction system 

As shown by Conant (1923) and Conant and Fieser (1924), methe- 
moglobm and hemoglobin forma reversible oxidation-reduction system, 
the former being the oxidant and the latter the reductant The 
oxidation-reduction potential of this system is well defined potentio- 
metncally, varymg loganthmically with the relative concentrations 
of methemoglobm to hemoglobm The oxidation of the latter to the 
former, or removal of hemoglobm from the system in any way, as for 
example by its oxygenation or carbonylation, will raise the observed 
potential The removal from the system of methemoglobm vail lov er 
the observed potential correspondingly 

Smee we might expect the electneal behavior of either of these 
pigments when imcombmed to differ from that exhibited as a cyanide 
denvative, the electrometnc method was deemed smtable for the 
demonstration of combination between cyamon and the p 3 TTol-iron 
of either methemoglobm or hemoglobin 

Preparation of Hemoglobin 

400 cc of oxalated or defibnnated dog’s blood was used Ulununatmg gas ■was 
passed through the chilled sample for 15 minutes, 200 cc was poured mto each of 
two 250 cc centrifuge bottles and after centnfugmg without packmg the corpuscles 
the serum ■was remo\ed bj means of a suebon pipette The corpuscles were 
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washed five tunes with COrsaturated^ icc-cold 0 17 molar sodium chlonde solu 
tion, filling the tubes each tune to the ongmal leveh For the first four washings, 
the centrifugation was earned only to the point where the corpuscles occupied 
about one>half of the total volume The last centrifugation v,*as earned on until 
the corpuscles Vicre packed and the supernatant fluid could be removed bv decan 
tation The tubes were then inverted to dram for 10 mmutes after which they 
were filled to the ongmal 200 cc level with ice-cold, CO*-saturatcd distilled W'ater 
and toluene added (as m the method of Heiddberger (1922)) to withm such a dis- 
tance of the top that, when a tight fitting cork was inserted there was a large air 
bubble left to fadhtate subsequent shaking The packed mass of corpuscles 
was disintegrated throughout the fluid with a glass rod, the tubes were then stop- 
pered and vigorously shaken for 5 mmutes Early in the shakuig process a gel 
formed, but shaking was continued until the toluene was commmuted m the mass. 

The tubes v. ere left in the refrigerator for 12 hours, then transferred to the freez 
mg room until the contents were frozen solid They were then centrifuged, dur 
iDg which time the contents were allowed to thaw Four la>ers were obtamed — 
toluene, toluene gel, saturated carbon monoxide hemoglobm solution, and cr>s 
tals of carbon mononde hemoglobm 

The toluene, toluene stroma combination, and saturated carbon monoxide hemo- 
globm solution were removed bv a pipette with suction The run left b> the 
toluemzed stroma was thoroughly removed from the sides of the container bj a 
plug of absorbent cotton on a wire 

The crystals were covered with CO-saturated ice water toluene was added as 
before, the tubes stoppered, shaken, and immediatcl> centrifuged As a rule the 
toluene returned clear with little or no stroma material The supernatant flmd 
was decanted and ice water was added, the tubes shaken and pbced m the re 
fngerator The crystals settled to the bottom and the supernatant solution was 
barely tmged with hemoglobm 

For preparing the solutions, some of the cr> stals were transferred along with 50 
cc of distilled water to a tall aeration cj Under of about 500 cc. capacity fitted 
with a two-hole rubber stopper caiTjang a three way stop-cock and a small separi 
tor> funnel Suction was instituted through the three wa> stop-cock, with peno 
die whirlmg of the c>lmder to suspend the crystals. After ebullition bj the dis 
solved and combmed carbon monoxide had slackened, nitrogen (or h>drogen if 
clectromctnc pH was to be detenmned) was admitted through the stop-cock, the 
c>lmder was shaken and suction remsUtuted 3 hours of evacuation wws found 
suffiaent to completel> reduce carbon monoxide hemoglobm but the suction 
was left on for 3 hours longer until considerable dimmution m the ongmal v olumc 
of the solution had taken place (Solid reduced hemoglobm has been prepared 
by suction evaporation of all the water present and this solid when rcdissolved 
retains its power to combmc reversibly with molecular oi>gen as shown m 
Table I) 

The reduced hemoglobm solutions prepared b> this method were found to be 
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isoelectric (Table II) and to have an activity approximating 100 per cent (Table 

III) 


TABLE I 

Activity of Reduced Hemoglobin Dried in Vacuo at 100°C 


Sample 

Total (Hb)* 

Active (Hb)t 

Activity 


mii/ltler 

mu/ltler I 

fer cent 

Dog 



60 7 

Human 

\ 1 98 

I 0 66 

33 3 


* Total hemoglobin was determined by the method of Barnard (1932J) 
t Active hemoglobm was determined on the basis of its oxygen capacity 


TABLE II 

pH of Reduced Hemoglobin Solutions from Carbon Monoxide Hemoglobin Crystals 


Before washing 

6 121 

After second washing i 

6 509 

“ fourth “ 1 

6 783 


pH was determmed by the hydrogen electrode in a Hastmgs (1921) electrometric 
titration vessel 


TABLE in 

Activity of Reduced Dog Hemoglobin Solutions Prepared by Suction Evacuation of 
Carbon M onoxtde Hemoglobin Crystal Suspensions 


Total (Hb)* 

Total (Hb)t 

Activity 

tnit/Iiler 

ms/hter 

per cent 

0 70 

0 71 

101 4 

2 75 

2 71 

101 5 

0 26 

0 26 


I 87 

1 53 

81 8t 


* Total Hb was determmed by method of Barnard (1932^) 

t Active Hb was determmed from the CO capacity 

J This solution was prepared from cr^^stals kept 49 days after preparation 


Experimental 

The effect of c}amde on the potentials of poised solutions of hemoglobm and 
methemoglobm was noted Hjdrogen cianide was passed through solutions 
contammg hemoglobm and methemoglobm (the latter formed directly m the solu- 
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Uon by the addition of potassium femc>amde) m an electromctnc titration vessel 
(Hastmgs, 1921) In some cxpenments potassium cjanide was added to the 
solutions m place of h>drocyanic aad Readings were made after constant po- 
tential had been reached, the cham m each case being 



Saturated „ ^ 

Hb 

Ka 


The solutions were at all times kept under nitrogen, and m those instances where 
titrations were performed the reagents emplojed were evacuated and saturated 
with this gas previous to use 


TABLE IV 

The Effect of Hydrogen Cyanide and Carbon Monoxide on the Oxidation deduction 
Potential of the Uemoglobui Methcinogtobin System 


rrepAntlon 

nil)) 

(MetHb) 


1 t JJ J on s^tontei] KCl-calomel scile 

roiot rt electrode 

PUte 


mu/Uitf 

nu/t itr 




1— dog 

2 37 

0 40 

N, 

-0 0931 


1— ‘ 



HCN 

-0 2W6 

-0 2079 

1— « 1 



CO 

Unpoised 

Unpoiscd 

2— 



N, 

-0 0613 

-0 0617 

2— 



HCN 

-0 1423 

-0 1713 

2— 



CO 

Unpoiscd 

Unpoiscd 


Both solutions were buffered at pH 6 2 with 0 067 molar phosphate The 
gases were passed through the solution m thcoitlcr giNcn 


Restdls 

The effects of passing hydrogen cyanide through solutions contain 
mg hemoglobin and methemoglobm on the electrode potentials dc 
veloped by these solutions are shown in Table IV Table V gives the 
results of measurement of the c® value for monkcj and dog hemoglobin 
as well as the effect of potassium cyamdc on the potentials developed 
In Fig 1 IS represented a titration of pig hemoglobin with fcmc> amde 
m the presence and absence of c>Timde Similar results have been 
obtained with beef and with human hemoglobin (Barnard, 1933) 
Table VI gives the data on a control expenment m which the relative 
absence of effect of cjanide on the potentials of the fernc>anidc 
ferrocyanide s>stem was demonstrated 
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The addition of hydrogen or potassium cyanide to the methemoglo- 
bin-hemoglobm system caused a shift m the potentials evinced by this 
system to the negative side, indicating that the oxidant is removed 


TABLE V 


The Effect of Alkah Cyanide on the Oxidahon-Rcdmtion Potentials of the 
HcmogJohin-Mcthcmoglobin System 


Preparation 

(Hb) 

(MctHb) 

(MctHbCN) 

(CN) 

*1 

‘o 

n 

3— dog 

1 376 







3— “ 

1 343 




BBS! 

) 


o— '' 




2000 

-0 5762 



o— " 

iDi 

' 0 0 


2000 

-0 4806 



3— “ 




2000 

-0 2601 



3— “ 



1 20 

2000 

-0 190? 



4— “ 

0 048 

0 0 

0 052 

40 

-0 3731 



5— » 



0 0 

0 

-0 1869 

-0 1690 

1 

5— “ 


Ob 

0 0 

0 

-0 1516 

-0 1695 

1 

1 — monkc}' 

1 520 


0 0 

0 

-0 1686 

-0 1491 

2 

1— “ 

1 160 


0 0 

0 

-0 1532 

-0 1492 

2 

I— “ 

0 920 


0 0 

0 

-0 1443 

-0 1484 

1 

1— “ 

0 560 

1 440 

0 0 

0 

-0 0946 

(?) 

(?) 

1— “ 

1 736 

0 0 

0.264 

1000 

-0 4559 



1— “ 

1 496 

0 0 

0 504 

1000 

-0 410’ 



1— “ 

0 560 

0 0 

1 440 

1000 

-0 240? 



1— “ 

0 152 

0 0 

1 848 

1000 

-0 2480 



6 — dog 

6 320 

0 0 

0 0 

0 

-0 2051 



6— “ 

5 670 

0 650 

0 0 

0 

-0 1623 

-0 1295 

1 7 

6— “ 

5 150 

1 170 

0 0 

0 

-0 1556 

-0 1295 

1 5 

6— “ 

4 670 

1 650 

0 0 

0 

-0 1457 

-0 1295 

1 7 

6— “ 

3 S70 


0 0 

0 

-0 1315 



6— “ 

3 520 


0 0 

0 

-0 1301 



6— “ 

2 820 

3 50 

0 0 

0 

-0 2833 

(87 5 mil NaOH added) 


AH concentrations expressed in miHunols per liter and all potentials are in volts 
on the saturated KCl-calomel scale 


from partiapation in the system WTien carbon monoxide was 
passed through the solutions of methemoglobin and hemoglobin which 
had been subjected to the action of cyanide, the potentials became 
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The LJfed, oj Potassitim Cyamde on the Oxtdaitott Reduction Potential of the 
Femcyauide Ferrocyantde System 



■■■■■■■■HaHBBBHBnaraB 

■■■■bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb 
--^MBBBBBBBBflBBBflBBBBflVjlBBBBBBBBBBBBBBBBflBBB 

iBBBBBBBBBBBBBBBBBBBBBV/BBBBBBBBBBBBBflBBBBBBBB 

BBBBBBBBBBBBBBBBBB’ABBBBBBBBBBBBBBBBBBBBBBBBBBl 

BBBBBBBBBBBBBBBBrBBBBBBBBBBBBBBBBBBBBBBBMBBBl 

BBBBBBBBnBBBBBBBV^aBBBBBBBBBBBBBBBaaaaaBaaaBBl 

gMBBBBBBBBBliVBaavviBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBl 
'^BBBBBBBBBBBBBBBBBHBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBl 

I BBSBBBBBBBBBBBBBBaBBaBBBBBBBBBBaBBBBBBBBBBBBBBBBl 
BriBaBBBBBBBBBBaaBBBBaBflBflBflBBaBBBBBaBBaBBaBBBBB-^" 
BBBBaBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBaa 
KtaBBaBBBaaBBaBaaBBBBBBaBBBBB 


10 15 

Ratios c| |cmcyarUdc a^uivalents to Iron c^ulv^dcntl^ 

Fig 1 The effect of cjTmide on the oxidation UtraUon curve of pig hemoglobin 
Ordinates give ei m % olts on the saturated calomel scale Abscissae giv c the ratios 
of molanty of fcmc> anide added to molan^ of hemoglobin A represents the 
titration cur\ c in the presence of 100 miUunoIar sodium c> anide 
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dium cyanide did not prevent the formation or dissociation of carbon 
monoxide hemoglobin was demonstrated spectroscopically and by 
measurement of the carbon monoxide capacity of hemoglobin solutions 
containmg cyanide (Table VII) It is apparent from these results 
that the effects of cyanide on the potentials of the methemoglobin- 
hemoglobm system can best be attnbuted to its combmation with 
methemoglobm, and that if cyanide does combme with hemoglobin, 
it IS not with that portion of the molecule which gives the latter 
Its spectroscopic picture, its capabihty of combination with gases, 
and its reductant activity In those instances where cyanmethemo- 


TABLE VII 

The Effect of Cyanide on the Carbon Monoxide Capacity of Hemoglobin Solutions 


Sample 

pCO 

(CN) 

t 

1 


tms/ltler {NaCN) 


Sheep 

116 6 

0 0 

20 2 

« 1 

117 S 

1 

40 0 

1 

20 2 

Human 1 

274 4 

0 0 

21 0 

“ 1 

243 7 

200 0 

20 4 

" 2 

186 6 

0 0 


“ 2 

169 0 

5000 0 


Dog 

126 1 

0 0 

20 6 


IZI 9 

333 3(HCN) 

20 4 


globm results from the treatment of oxyhemoglobin solutions with 
cyamde, as after long standing or after oxyhemoglobin has been heated 
with cyamde, it is probable that methemoglobin is formed as an 
intermediary m the conversion represented by the equations 

HbO. < > Hb + Oi (1) 

I 

MetHbCN > :MetHb + CN" (2) 

That the formula of cyanmethemoglobm in solution corresponds to 
the crystallme compound prepared by von Zeynek (1901) and that 
there is a ratio of one eqmvalent of cyanide to one iron eqmvalent of 
methemoglobin is deducible from the following expenment 
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10 cc of a solution containing 13 2 imUimolar pig methemoglobin 
and 2 04 inillimolar pig hemoglobin was titrated electromctncally with 
77 milhmolar potassium cyanide solution The results of this titra 
tion are represented in Fig 2 The iiotentials recorded m that vian- 
ity of the curve where the ratio of cyanide to methemoglobin iron was 
unity were unstable, but above and below this point they were suffi- 



Hatios o| lyanido c<Yiivaleots to melhcmoelobin ci^ulv&lcnts 

Fig 2 The effect of cyanide on the oxidaUon reducUon potenUal of the pig 
methemoglobin hemoglobin system Ordmates give ei m volts on the satumted 
calomel scale Abscissae represent the ratio of the molantv of c\ anide to that of 
methemoglobin 

cicntly constant to allow lor an interpolation to the point where an in- 
flection occurs m the curve This inflection is presumably the end 
point of reaction (2), and the fact that it takes place before two 
equivalents of cyanide are added indicates that there arc not two 
equivalents of cyamde in cyanmcthemoglobin as deduced by Balt 
hazard and Philippe (1926) 

That compound formation between cy inide and the iron of the pros 
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thetic nucleus of hemoglobin would be improbable is in harmony with 
the nature of the electronic formula previously assigned to this com- 
pound, (Barnard, 1932o) 



which from its depicted structure, would have no free valency elec- 
tron with which to form lomc combinations ^ By delectronation of 
the hemoglobm iron, however, an electropositive radicle, methemoglo- 
bin, results It is probable that this radicle 

O <Z 

nnght form electromc hnkages with cyamon or with other electro- 
negative ions 

The Effect of pE on the Ovidahon-Rednction Potential of the Methemo- 

gloltn-Eemoglohtn System 

In order to control the expenments m which the effect of alkah 
cyamde was studied, the effect of alkah hydroxide on the electneal 
behamor of the methemoglobin-hemoglobin system has been deter- 
mined 

Conant and Fieser (1924) found that the Co value for this system 
became more negative vuth increasing pH The opinion advanced 
by them that methemoglobin is a weaker acid than hemoglobm, is not 
consistent wath the data presented by Hastings (1928) which show that 
between pH 7 0 and 7 S no difference in the base-combining powers of 
the two pigments is detectable 

Experimental 

Isoelectnc carbon mono-ade hemoglobm was brought into solution as reduced 
hemoglobm b\ the remoral of carbon monoxide by evacuation The concentra- 
tion of the reduced pigment vras determined from its carbon monoxide capacitv 
b> the method of A'an SljLe and Neill (1924) The solution was transferred to 
the electrometnc titration \ essel under nitrogen and the desired quantity of methe- 

^ The iron is represented with onlj six electrons to convey the idea of its fer- 
rous state, although it is probable that a shared electron from each of the pyrrols 
V ould brmg the outer shell to eight 
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moglobin formed m it bj the addition of an equivalent of potassium fcmcj'anide 
Sodium h> dioxide solution, which had been evacuated and saturated with mtro- 
gen was added to the solution in the titration vessel from a micro buret, and after 


TABLE Vm 

The Efecl of pH on the Oxidation Redttdton Potential of the Methemoglohn 
ffcmozlohtn System 


mmu N&OII 

BHb/Bb 

.H j 

ri 

^0 







Experiment S 


(Hb) “ 3 52 mu/litcr (MctHb) — 2 80 mii/litcr 


00 0 

0 0 

6 81 

-0 1301 

0 05S 
(0 361)* 
0 OSO 

0 053 
(0 103)* 
0 (W1 

0 050 


22 3 



-0 1531 




7 17 

-0 1891 


58 7 

0 929 

7 34 

-0 2027 




7 67 

-0 2201 

0 075 

ISO 1 

2 360 

8 Oa 

-0 2594 




8 42 

-0 2756 




0 25 

-0 3121 




6 330 


-0 3404 



Experiment C 

(Hb) ^ I IS mu/luct (Mcillb) - 1 604 mii/liter 


00 0 

0 0 

6 81 

-0 lOlO 

0 063 
(0 109) 
0 060 

0 069 

0 065 

0 071 
(0 025) 
0 087 

10 0 

0 364 

7 08 

-0 1180 

20 7 

0 750 

7 24 

-0 I3>t 

35 1 

1 270 

7 50 

-0 1509 

52 5 

J 920 

7 84 

-D 1775 

72 0 

2 600 

8 20 

-0 2009 

94 7 

3 450 

8 60 

-0 2294 

99 8 

3 600 

8 70 

~0 2319 

130 0 

4 700 

9 24 

-0 2381 

0 069 

179 0 

6 500 

10 05 

-0 2469 

200 0 

7 270 

10 25 

-0 2626 


250 0 

9 090 

10 51 

-0 2767 


300 0 

10 900 

10 62 

~0 3021 



* Discarded from average 


each increment the potential was recorded with the same chain as described above 
The pll of the solutions wtis calculated from data relating it to the base bound by- 
reduced dog hemoglobin at different lomc strength (unpublished data) An idea 
tit\ m the basc-combmmg powers of dog methcmoglobin and dog hemoglobin has 
been assumed 
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HEMOGLOBIN-METHEiMOGLOBIN SYSTEM 


Resjtlis 

As found by Conant and Fieser (1924), the potentials of the system 
became more electronegative as the alJcahmty mcreased Expen- 
ment 5 (Table VIII) m which the solution titrated contamed an excess 
of hemoglobm over methemoglobm gave 0 062 as a calculated value 



Logarsthmic ratios ^erpicyamaz ccjuivalentsloferrocyanide ctj^aivalenls 


Fig 3 The slope for the femcj anide-ferrocvanide oxidation-reduction 
system Ordinates give ex in \olts on the saturated calomel scale Abscissae 
give the loganthmic ratios of the concentration of femcj'amde to ferrocyanide 
The upper line gives the position for the slope of this system in solutions containing 
allantom, the low er line in solutions of methemoglobm as calculated from Expen- 
ment 3 


for between pH 6 81 and 9 25 In Experiment 6 (Table VHI) 
ApH 

an excess of methemoglobm existed and the value obtained between 

pH 6 81 and 9 24 was 0 069 
^ Ac 

An attempt to recalculate the values of for this system from the 

work of Conant and Fieser by taking into account the buffer values of 
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hemoglobin in correcting their pH values has led to results in good 
agreement n ith those found in this study 
Pecuharly enough, in the titration of the rather concentrated pig 
hemoglobin solution (IS milhmolar) (E-rpenment 3) the value of « 
for the methemoglobm hemoglobin system n as 4 and not as in all 
other experiments in the neighborhood of 1 or at the most 2 That 
the calculated value in this pig hemoglobin titration is not due to an 
inaccuracy of the data we can assume from a consideration of Tig 3, 
w here the « value of tlie fcmcj anide ferrocyamde sj stem in this same 
expenment is 1 and compares excellently with the slope calculated 
from other data utilizing this system (Barnard, 1931) We do not, 
at this time, consider the value of n in this particular oxidation reduc 
tion titration as fortifying Adair’s (192S) hypothesis as to the oxygens 
tion of hemoglobin any more than in 1928, when we first measured 
and secured the value of » = 1 m the electrochemical equation was it 
considered an objection to the theory of Hill (1910) Conant and 
Mc&rew (1929), from whose paper it is inferred that the electrometric 
measurements of n in the oxidation reduction equation 

KT , (MelHb) 

' -w 

are comparable to those of » in Hill’s equation 

(Hb) X(00 I 
(ilbo,) “ K 

assigned to n in the former case a value of 2 as determined by Con 
ant and Scott (1928) Conant and Pappenheuner (1932) have redeter- 
mined the value of « in the oxidation reduction equation and find that 
It may be in the \ icinity of 1 

A consideration of Pig 3 iviU also show that although the slopes for 
the fcmcyanide ferrocyamde system in the two differing expenments 
are comparable, the c value in the presence of the concentration of 
methemoglobm extant m Expenment 3 is 125 mv lower than tlic 
charactenstic value for this system This is explained on a basis 
of the enormous lomc strength effects of hemoglobin solutions, which, 
as will be showai in a subsequent report, appear to behave in their salt 
effects as strong polyaalent electrolytes 



670 


HEMOGLOBIN-METHEMOGLOBIN SYSTEM 


DISCUSSION 

Since the addition of alkah causes a change in the oxidation-reduc- 
tion potential of solutions containing methemoglobm and hemoglobin 
it IS obvious that one or both of these substances is in some way altered 
by the addition Is this alteration in the globm fraction? Two facts 
would indicate that it is not First, there is a comparable slope for the 
hematm-reduced hematin system where no globin is present Second, 
the identity of base-binding powers of methemoglobm and hemoglobin 
would pomt against the existence of any difference in their respective 
globins The methemoglobm molecule does, however, change its 
spectroscopic picture on treatment with alkah, whereas reduced hemo- 
globin does not change m this respect within the pH range studied 
It IS therefore tempting to ascnbe the direction of the slope to that 
constituent of the system which gives other evidence of labihty 
Though it IS recogmzed that other possibihties may exist, the direction 
and magmtude of the slope can best be explained by the formation on 
the part of methemoglobm of an electropositive ion, 

MetHb < > MetHb+ + ©“ 

which m the presence of hydroxyl, just as m the presence of cyanion, 
forms a poorly dissociated compound, m the maimer 

MetHb+ + OH- MetHbOH 

It IS evident that the methemoglobm ion imght be capable of com- 
bmation with many electronegative radicles Such a combination 
between methemoglobm and mtnte is undergoing study at present 

The Inierrelatw7isJnp of the Eemoglohin DenvaUves 

The electronic formula (A) 

v,as suggested for the prosthetic group of methemoglobm and since 
the prosthetic group of the latter is probably identical with hematin 
(Kuster, 1910), the formula (A) mil be used for the latter compound 
as well (A) is converted by cyamde to a compound (B), the pros- 
thetic group of which may be represented as 
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[3 -a 

c 

N 

TABLE IX 


The Specirophotomctnc Comparison of Cyatihemahn and C\afimethcmo^lohni 
Percentage Transmission 



Frepuatlon 1 

Pnpat&tlon 2 

rreparition 3 


KmCN 

MetHbCN 

HmCN 

MetHbCN 

HmCN 

MetHhCV 


2 97 

2 85 


7 23 

10 75 

7 90 

480 

9 75 

9 66 

15 50 

16 65 

20 66 

17 04 

490 






28 75 

500 

14 18 

13 10 

30 00 

30 08 

27 60 

29 75 

510 




29 10 


31 25 


14 20 

12 68 

29 25 


22 70 

25 50 






20 17 

19 88 


9 95 

8 55 

26 00 

24 13 

18 50 

17 75 





19 75 

22 40 

19 22 


12 33 

11 05 

22 80 

18 19 

24 40 

24 0 


23 93 

20 44 

28 25 

22 70 


37 33 






49 SI 

49 00 


41 68 

36 IS 

36 00 

35 03 




56 13 

54 SO 

53 75 

53 75 




67 13 


68 00 

74 13 



660 


67 75 


88 SO 



680 

71 25 



93 00 







95 00 




68 50 

72 25 


93 00 




Preparation 1 (HmCN) —0 064 nm/litcr, prepared by treating ox> hemoglobin 
•with 0 1 u HCl, neutralizmg -with KCN and diluting to the concentration given 
(MetHbCN) « 0 066 nui/liter, prepared b> dissolving 01102 gm. of dry methemo- 
globm m 1 liter of 1 u KCN solution 

Preparation 2 The concentrations of c^anhcmatin and cjanmethemoglobm 
were not determined but were identical since they were prepared from the same 
solution of ox>heraoglobin 

Preparation 3 The concentrations of c>anhematm and cj'anmethemoglobin 
were identical but m the case of c> anhematm the globm was digested with pepsin 
hjdrochlonc aad mixture to preclude cvanmcthcraoglobin rcsjnihcsis although 
there is probabihty of combination between the hcmatin and some of the digestion 
products of the globm 
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There should be some similarity between cyanmethemoglobm and 
cyanhematm since they would both contain the same prosthetic group 
Table IX gives the data obtained in a spectrophotometnc study of 
these compounds The percentage transmission at given wave lengths 
IS similar for both substances This confirms the spectroscopic find- 
ings of Ziemke and Miller (1901) 

That the prosthetic nucleus of cyanhematm is a feme cyanide is 
inferred from the following observations 

(a) Passing CO 2 through cyanhematm solutions precipitates hema- 
tin 


(b) Treatment of C 3 fanhematm solutions ivith barium hydroxide 
precipitates a powder which retains the orange color of the onginal 
solution Since the barium linkage is undoubtedly on the carboxyls 
of the pyrrol groups, the point of cyanide attachment is probably on 
the iron In the case of cyanmethemoglobm, it was found that the 
latter was not precipitated from solution by banum hydroxide and this 
IS readily explicable on the basis of the fact that the pyrrol carboxyls 
are already occupied by globin 

It is assumed that, in basic solution, (A) forms alkaline derivatives 
In the case of methemoglobin it was assumed that this denvative was 
a feme hydroxide Certain points of similanty in alkaline methemo- 
globin and alkahne hematin furnish evidence for the apphcabihty of 
the same formula to the latter substance as well Among these points 
ma)'’ be mentioned the indicator nature of both pigments and the co- 


incidence of the 


Aco 

A^ 


slope for the systems in which each participates 


as oxidant The prosthetic nucleus of alkahne methemoglobin and 


alkahne hematin wall therefore be represented as 


(C) I > re I 

o 


H 


Since hematin and methemoglobin may be electronated to form re- 
duced hematin and hemoglobin respectively, the electronated form of 
(A) wall be represented as (D) From an analysis of the structure of 
the nucleus 


(D) 


O 
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■ne could predict its electronegativity, and the formation by it of polar 
valent compounds with electropositive radicles This behavior is 
reahzed in the hemochromogens, which combine with carbon monov- 
ide and nitnc ovide and in hemoglobin which combines iMth molecular 
oxygen as well Such compounds as (D) with oxygen containing 
radicles have been presented (Barnard, 1932a) as 

O - <□ [D - o [!>-<□ 

0 C N 


0 


O 


0 


Oxyhemoglobin 


Carbon monoxide hemoglobin Nitric oxide hemoglobm 


Configurations such as the above cannot be drawn for the proble 
matic compounds ethylene hemoglobm and nitrous oxide hemoglobm, 
and evidence against the existence of these compounds was secured in 
a previous investigation (Barnard and Hastings, 1930) 


SUMMARY 

The potentiometnc method was apphed to the study of the influence 
of cyanide and of hj droxyl ion on mcthemoglobin Both of these ions 
appear to combine with the iron of the mcthemoglobin molecule md 
reduce its oxidant activity From the magnitude of the effect pro 
duced by cyanide and by \ anation m pH on the oxidation reduction 
potential of the mcUiemoglobin hemoglobm s> stem, it is concluded 
that cyanmethcmoglobin and alkaline mcthemoglobin are undisso 
anted feme compounds, the first wnth cyanide and the second with 
h\ droxyl 

Electronic formulas, based on the electrical properties of the homo 
globm derivatives, are suggested 


The author wishes to express his gratitude to Dr A Baird Hastings 
and Dr A J Carlson, m whose laboratones the major portion of the 
experimental work was done 

Cxphnalion of Symbols 

Hb " hemoglobin 

IlbO - oil hemoglobin 
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I\IetHb 

]\retIibCN 

HmCN 


X 


= methemoglobin 
= cj amnethemoglobin 
= cyanliematm 

= P3Trol ring 


Cc = the potential characteristic of an o'ndation-reduction system 

Cl = tlie observed potential 

M = the number of electrons involved in the transformation of oxidant 

to reductant or the degree of aggregation of hemoglobm in Hill’s 
(1910) equation 

( ) = denotes concentration 

F = the Farada3’- 

F and T = the gas constants 

K = Hill’s (1910) constant (4 X 10"^ at pH = 7 3) 

X = ivave length 

all concentrations are expressed as miUimols per liter unless otherwise stated 
The mol of any hemoglobm denvative is taken as equal to one iron equivalent of 
the den%'ati\ e 
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STIMULATION BY THE MINERAL ACIDS, HYDROCHLORIC, 
SULTURIC, AND NITRIC, IN THE SUNTISH EUPOMOTIS 

Bv WILLIAM H COLE* and J B ALLISON 
(From the Department oj Physiology and Biochemistry, Rutgers Unmrsity Nm 
Brunswick) 

(Accepted for pubbcation October 17, 1932) 

1 

In previous studies on chemical stimulation of aquatic animals it 
has been assumed that the response measured is a function of the 
intensity of stimulation of the receptor surface, and that the response 
may be correlated with the nature of the stimulating substance u hich 
initiates a senes of energy changes in the heterogeneous si stem con- 
sisting of the chemical environment of the animal and the receptors 
concerned The last event in the senes activates the neuromuscular 
mechanism, the effiaency of which is assumed constant in any m 
dividual under ordinary conditions Adaptation and injury must be 
absent and the energy changes at the receptor surface must be re 
versible, since the responses are easilj reproducible 
The onginal energy change is initiated by the alteration of the ionic 
or molecular equihbnum and strength of the ammal’s chemical en 
vironment Stimulation by the primary ahphatic alcohols is evi 
dently a direct effect upon the receptor surface brought about b) the 
addition of alcohol molecules to the environment and bv their specific 
orientation in relation to that surface (Cole and AUison, 1930-31) 
Since the polar hydro's)'! group (—OH) in the alcohols appears to be con 
stant, the predominate factor in stimulation is the field of force around 
the R group Sinularly, stimulation b) the normal primary aliphatic 
acids in the sunfish (Allison, 1931-32) may be best correlated with the 
non polar portion of the molecule, except for the first member of the 
senes where it is necessary to consider the higher potential of the 

• A part of the expenses of this investigation w-as met bi a grant from the 
isational Research Counal for 1932 
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polar group as playing a significant role Again, stimulation by the 
salts of the normal pnmary ahphatic acids in the barnacle appears to 
be chiefly correlated with the non-polar portion of the molecule (Cole, 
1931-32) On the other hand, stimulation by the same acids in the 
fresh- water catfish Sclnlbeodes is dependent upon the potential of the 
polar group, or upon the abihty of that group to change the (H+) of 
the environment ^ Such a dependence might be predicted because 
of the great susceptibihty of the catfish to shght changes in (H+) 
(Cole and Alhson, 1931-32) As the length of the carbon chain in- 
creases, the non-polar portion of the molecule may begin to play a 
role 

In any complete series of polar organic molecules it is likely that 
stimulation may be traced ultimately to the activity of the polar 
group, or to the field of force around the non-polar group, or to both 
One or the other factor may predominate, or each may play a sig- 
nificant r61e It IS logical therefore to consider separately the field 
of force around the radical R and the potential of the polar group 
such as —OH, — COOH, — CHO, — NHo, etc If the stimulating 
substance is dissociated into ions which in themselves may be con- 
sidered entirely polar, such as are produced from inorganic compounds, 
It would also be logical to consider separately the fields of force around 
each ion 


n 

Further expenments have been done on the sunfish Eupomoiis 
gthhosus, to determme whether disturbances in the chemical environ- 
ment imtiated by the anions of the strong inorganic acids, hydro- 
chlonc, sulfunc, and nitnc, would alter the relationship between 
(H+) and reaction time as demonstrated for hydrochlonc acid alone 
(AUison, 1931-32), the procedure used was the same as that already 
described Features of the method are the constant rate of flow of 
solution and spnng water over the fish, allowance of ample time for 
recover}'^ of the fish betv een tnals, thereby preventing any adaptation, 
and measurement of the (H+) of each solution by the quinhydrone 
electrode Tv o senes of animals were used over a penod of 6 months 


1 Unpubbshed results obtained in 1930 
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In one senes two observations were made on each of eight fish for 
each concentration (n = 16), and m the other senes two observations 
on each of ten fish ()(=20), resulting m 628 observations on eighteen 
fish The data for hydrochlonc acid where )i = I6 are taken from 
Allison (1931-32) Treshly collected fish responded more quickly 
than those well adapted to laboratorv conditions Relatively, how 
e\ er, the relation between rate of response and concentration was the 
same for each group By adding 1 25 seconds to the reaction times of 
freshly collected fish the two sets of data become coinadent As 
before, the actual reaction times hav e been corrected by subtracting 
S 0 seconds, which is considered to be the theoretical shortest possible 
reaction time obtainable from anv individual Confirmation of this 
value IS found by extrapolating the (H+) where y = 0, corresponding 
to a pH of 1 88 (see Fig 2) In the prehminarj tests it was regularly 
noted that a pH of 2 0 or less was injunous to the fish and caused an 
increase in reaction time, indicating that other processes w ere occur- 
ring besides stimulation 


III 

When an acid such as hydrochlonc, is added to the chemical 
environment of the fish, not only is the (H'*') changed but also Uie 
(Cl"), and a new eqmlibnum is established throughout the whole 
sv stem The degree of shift in the ionic and molecular equilibnum 
of the system may be related to the effective concentration of one of 
the ions or the other If the animal’s response is a function of the 
(H+) alone, then no difference would be observed between the stimu 
lating efficiency of different acids used to alter the concentration of 
that ion If, however, the specific nature of the anion pla>'S the pre 
dominate r61e, then each of the acids would give different results 
For the sunfish the data secured show clearly that stimulation bj 
hjdrochlonc, sulfunc, and nitric aads is primarily dependent 
upon the (H+) within the range tested (Table I) In Fig I arc 
plotted thirty four average reaction times as related to the (H+) 
produced in the environment by adding hjdrochlonc, sulfunc, 
and nitnc acids The smooth curv e is drawn through coordinates 
calculated from the equation of the line in Fig 2 That line 
w as laid off through the middle of a parallel band of points with a 



TABLE I 


Corrected Reaction Times of Suufish to Dijfferent Hydrogen Ion Concentrations in 
Solutions of Hydrochloric, Sulfuric, and Nitric Acids Made in Spring Water 


(H+) cone X 10* ^ 

RT-5 

P E RT-S 

Hj'drochlonc 


sec 


6 31* 

5 60 

0 429 

10 00 

4 75 

0 296 

10 72* 

4 36 

0 227 

13 49* 

3 46 

0 127 

16 22 

4 31 

0 344 

21 88 

3 57 

0 218 

25 71 

3 43 

0 240 

31 63* 

2 48 

0 143 

33 12* 

2 42 

0 184 

35 49 

2 50 

0 276 

Sulfunc 

7 08 

5 88 

0 575 

9 55* 

4 72 

0 351 

12 89 

4 63 

0 286 

13 81* 

4 24t 

0 226 

20 90 

3 21 

0 269 

22 91* 

3 37t 

0 149 

24 55* 

2 96 

0 196 

30 91* 

2 18 

0 129 

31 63 

2 21 

0 166 

Nitric 

5 62 

5 73 

0 362 

6 31 

5 51t 

0 285 

6 46 

5 18t 

0 246 

6 60 

5 57 

0 416 

10 48 

4 SO 

0 241 

10 97* 

4 83t 

0 207 

16 22 

4 27t 

0 190 

16 99 

3 95 

0 235 

18 20* 

4 07t 

0 198 

21 88 

3 76 

0 213 

21 88 

3 52 

0 210 

23 99* 

3 20t 

0 152 

25 12 

3 26t 

0 175 

26 31 

2 13 

0 137 

37 16 

2 52 

0 166 


1 - 20 except in cases indicated b> *, -where k = 16 The reaction times for 
frcshlx collected, non-adapted fish, indicated bj T, have been increased bj 1 25 
sec to make them coincident with the other data 


6S0 
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uniform distnbutjon on each side There is evidently no speafic 
effect of the anions on the reaction time It is often assumed, and 



Tie 1 The exponential relationship between corrected reaction times and 
(H+), as shown b> the sunfish when stimulated b> various concentrations of 
h\’drochIonc (O)/ sulfunc (®), and mtnc (@) aads The smooth curve is drawn 
through coordinates calculated from the equation of the line m Fig 2 



Fig 2 Logarithmic plot of the same data as m Fig 1 The linear rcUitionship 
ma> be expressed b> the equation iiT — S — —4^ log (!!■*■ X 10') + 9 118 
(The smbol (0) represents comadent points for hydrochloric and nitnc acids ) 


probably correctly, that the hjdrogcn lon exerts a more or less 
direct effect upon the living sy'stcm by shifting the (H+) one way or 
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the Other from the isoelectnc point of some constituent in that system 
Whether or not such an effect is present in the sunfish cannot yet be 
proved, but it is interesting to note that as the (H+) increases geo- 
metncally the reaction time increases arithmetically In other words, 



Fig 3 The exponential relationship between the probable errors of the cor- 
rected reaction times and (H+) Same sjmibols as m Fig 1 The smooth curve 
IS drawn through coordinates calculated from the equations of the hnes in Figs 
2 and 4 


h 

I 

cti 


O 

O 



Fig 4 The hnear relationship between the percentage probable errors of the 
corrected reaction times and the corrected reaction times Symbols as in Fig 1 
y =62 


the reaction time is a loganthimc function of the (H+) Any dis- 
turbance of the equihbnum betv een receptor and the environment 
produced by the chlonde, sulfate, and nitrate ions must be itself 
measured bx the (H~) of the solution 
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Vanations in the response as shown in Figs 1 and 2 are assumed 
to be distnbuted umformly about the theoretical hnes It is known 
that those vanations are not due entirely to observational error or to 
experimental techmque They must be pnmanly intnnsic vanations 
of the mechanism that determines the animal’s response to the stimu 
lus If the efficiency of that mechanism does not change over the 
range of (H+) tested, then the percentage vanation of the mean 
reaction times should be constant when the number of observations and 
the number of animals are constant That this is true is shown in 
Fig 4 Percentage vanation in reaction time is independent of the 
(H+) over the range tested To show that an exponential relationship 
also exists between (H+) and the latitude of vanation a smooth curve 
was drawn in Fig 3 through coordinates calculated from the equations 
of the hnes in Figs 2 and 4 The general trend of the actual probable 
errors of the reaction times is thus indicated Again no differences 
between the effects of hydrochlonc, sulfunc, and nitnc aads are 
noticeable 

In connection with the vanations in response above noted, it should 
be emphasized that the data presented were obtained at different 
times over a penod of 6 months, and on individuals obtained at 
different times from three different locahties Some of the fish were 
well adapted to laboratory conditions, but a few were used imme 
diately after collection No difference however in the exponential 
relationship between (H+) and reaction tune was apparent It was 
only necessary to recognize the lower threshold for the freshly collected 
fish, and to make the proper correction in the reaction times The 
percentage variation in response was the same for both groups 

SUMMARY 

1 The stimulating cffiaency of hydrochlonc, sulfunc, and nitnc 
acids has been measured in the sunfish Liipomohs gtbbosiis, by a 
method which reduces expenmcntal errors to a minimum 

2 The results show that stimulation by these aads is pnmanly 
dependent upon the (H+) produced in the animal’s aquatic environ 
ment, and that the reaction time is a loganthmic function of the 
(H+) within the range tested expressed b> the equation (RT—S) — 
-4 31og(H+ X 10*) +9 118 
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3 Any effect of the chloride, sulfate, and nitrate ions must itself be 
measured by the (H+) 

4 Variation in the reaction time is also a loganthmic function of the 
(H+), and the percentage vanation is independent of the (il+) over 
the range tested 

5 Freshly collected fish show a lower threshold for stimulation as 
determined by the (H+) than do fish adapted to laboratory conditions, 
but relatively the reaction times of the two groups are the same 
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SPECIFIC NERVE IMPULSES FROM GUSTATORY AND 
TACTILE RECEPTORS IN CATFISH 

Bv HUDSON HOAGLAND 

{From the Physwlogicdl Laboratory, Clark Uaiy:rstty, Worcester) 
(Accepted for publication, November 3, 19321 

Investigations in recent years have indicated a certain degree of 
quantitative specifiaty of impulses in afferent nerve fibers related to 
structural properties of the fibers (Erlanger, Bishop, and Gasser, 1926, 
Erlanger, 1927, Erlanger and Gasser, 1930) This specificity of rni 
pulses appears to be correlated, in part, with speafic sense modalities 
(Matthevs, 1929, Adnan, 1930, 1931,Adnan, Cattell, and Hoagland, 
1931,Hoagland, 1932) 

In a recent investigation, for example (Hoagland, 1932), action po 
tentials from smgle nerve fibers suppl 3 ung mdividual receptors m the 
skin of the frog were exammed Of forty-five receptive endings, 
thirty two were found to respond only to light touch and not at all 
to 20 per cent acetic acid or to crushmg, while thirteen responded 
only to these latter stimuU but not to light touch The “touch” 
endings were not destroyed by the acid since they responded to light 
contact, givmg characteristic action potentials in their supplying 
fibers durmg the time that the acid was on the skin Ten other end- 
ings responded to both forms of stunulation The action potentials 
initiated by stunulatmg the touch receptors as recorded by a JIat 
thew’s amplifier and osallograph in conjunction with a camera, a 
loud speaker, and a standing wave screen, were typically of large am 
phtude and high speed in 75 per cent of the cases, — the A type impulses 
of Erlanger and Gasser Impulses mitiated by stimuli which m man 
would be called pamful travelled at a slower speed and were only from 
5 to SO per cent of the amplitude of those from fibers supply mg tactile 
organs — the B or C type impulses of Erlanger and Gasser In about 
a quarter of the cases this classification did not seem to hold It w as 
suggested that the speafiaty, probably correlated wath diameter of 
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nerve fiber, might be a basis for epicntic and protopathic sensibility 
in the frog 

W J Crozier recently pointed out to me that catfish are hnown to be 
very sensitive to chemical stimulation and that an investigation of 
impulses set up by stimulating taste-buds located in the barbels might 
be of interest The barbels of Ameitirus^ as well as the lips, mouth, 
and skin of the flank possess numerous typical taste-buds (Herrick, 
1901, 1903, Olmsted, 1920, May, 1925) and experiments involving 
responses to gustatory stimuli indicate clearly that these organs are 
extremely sensitive to sapid substances in the water (Herrick, 1903, 
Parker and Van Heusen, 1917) 

Responses io Mechanical Slimnlahon 

The facial nerve complex of Ameiurns nehulosus Les , described in 
detail by Herrick in his paper of 1901, was bared by removing the 
eye in freshly decapitated catfish The nerve leaves the skull sub- 
orbitally and sends a number of branches forward to the upper and 
low er lips and to the barbels By clearing away connective tissue the 
myelinated branches of the nerve, some 5 to 8 mm in length, may be 
separated from each other and their electrical responses tested by 
stimulating the skin supplied by them Facial nerves in some twenty 
catfish were examined by drawing branches of the nerves across silver, 
silver-chlonde electrodes connected through two amplifiers containing 
in all eight valves, resistance-capacity coupled, to a Matthews’ iron 
armature oscillograph (Matthews, 1928) The impulses were recorded 
by means of a standing wave screen, a loud speaker connected to the 
output amplifier through an auxilliary amplifier, and a camera using 
moving bromide paper 

After drawing a branch of the nerve to be tested across the elec- 
trodes, a map of the cutaneous area of sensitivity supplied by it was 
determined by touching the barbels and lips and listening to the bursts 
of impulses on the loud speaker In this way the sensitive areas for 
each branch of the nerve were clearly determined The nerve and 
incision were kept bathed with Ringer’s solution and the lips and bar- 
bels were stmiulated while immersed in water They were found to 
be extremely sensitive to mechanical stimuli — bursts of rapid impulses 
of large amplitude being set up m response to slight disturbances in 
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the water In time relations the impulses were typical of the 4 t>pe 
impulses of Erhnger and Gasser (1930) produced in the cutaneous 
nerves of frogs m response to mechanical stimulation of the skin 
(Adrian 1931, Hoagland 1932) 

Fig 1 shows IvTwcal records of action currents in response to (a) 
touching the barbels (6) to the impact of a gentle stream of water 
from a pipette discharged beneath the w atcr, a centimeter from the 
preparation towards a barbel at a rate of o-lO cm per second and 
(c) to ripples in the water In some preparations refle\ bendings of 
the barbels occurred spontaneously These movements were accom 
panied b> bursts of impulses an example of which is showai m Fig 1 if 
It is impossible to sav whether impulses such as those of 1 rf were 
produced exclusivelj from pressure receptors stimulated b> the move 
ment of the barbel through the water or by muscle spindles in the 
barbel Both types of receptors ma\ have been involved Owing to 
the scnsitivitj of the barbel to relative motion of the water it seems 
certain that tactile receptors were stimulated 

No responses were elicited from the cutaneous receptors of the bar 
btls or lips bv tuning forks pressed against the outside of the dish or 
thrust into the water bathing the preparation Forks of 100, 200, and 
2 SO double vibrations were tried 

Rlicolropism 

Groups of Amciurns (at least two fishes) when in an aquanum with 
which the} were familiar, were found to orient and swim treadmill 
fashion against a stream of water entenng at one end of the tank and 
passing out at the other This phenomenon is manifest when care 
IS taken to eliminate influences of light since Amntiriis ippears to be 
negativel} phototropic Maps of the cutaneous areas supplied bv the 
facial nerves on the two sides of the head showed complete bilateral 
svanmetrj for the distribution of sensitivit> I he fonvard parts of 
the large mavillao barbels csiieciallv at the middle third of their 
length were found to be cvtremclv sensitive to mechanical stimuli as 
judged from the volume of impulses initiated bv currents of water and 
b> stroking the skin 

I his sjmmetrj of scnsitivitj furnishes a basis for rhcotropic oneii 
tation according to I-oeb s well known mechanism of bilateral equaliza 
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tion of central excitatory states The findings are consistent with the 
experiments of Jordan (1917) on the rheotropism of the grouper fish 
Epmephelus, which he found to depend upon integumentary sensi- 
tivity, especially the sensitivity of the lips ^ Maxwell (1921 a, 1921 b) 
has shown that contact stimuli applied to the skin of the snout and 
head produce systematic orienting movements of the swimming ap- 
pendages of the skate and dogfish The effects are also produced by 
streams of water from a pipette 'I'he importance of rheotropic ori- 
entation in large scale movements of fishes such as the upstream 
spawning migrations of salmon {eg, Ward, 1927, 1928) makes this 
mode of orientation one of especial interest 

Responses to Chemical Sltmuh 

Experiments with gustatory stimuli yielded surprising results since 
nith the amplification ordinarily used dissolved substances m the 
uater vere found, apparently, to initiate no nerve impulses from the 
barbels and lips Acetic acid solutions ranging in concentrations from 
I 0 per cent to 20 per cent, a 10 per cent solution of NaCl, and a satu- 
rated solution of sugar were used as stimuli In addition juice pressed 
from meat which normal catfish devour voraciously was tested These 
solutions were allowed to diffuse very slowly against immersed lips 
and barbels w'hicli before, during, and after chemical stimulation 
were highly responsible to mechanical stimuli By adjusting the po- 
tentiometer controlling the sensitivity of the output amplifier to 
jield maximum sensitivity, very indistinct impulses WTre visible on 
the screen in response to chemical stimulation against the background 
of a \ en, ragged base line Photographs of these imjrulses, how^ever, 
were not verj convincing since the camera speed was slow^ compared 
to that of the standing wa\e screen and the impulses w’cre largel}'^ ob- 

' Loch (191S) did not ippl\ the notion of bilateral tictile stimulation as a 
basis for rheotropism He preferred to explain the upstream orientation of 
fishes in terms of moxements of rctin il image-, in the opposite direction to that of 
progression — a sort of nxstagmus phenomenon In cases of “treadmill” rheotro 
pism in which swimming takes place without forward progression, no moxements 
of retinal images occur While the moxement of retinal images undoubttdlx 
explains certain cases of apparent rheotropism (Lx on, 1904, 190a, 1901) it is 
ccrtainlx onlx a partial explanation 
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literated by the fluctuation of the base line The fact that impulses 
of extremely low potential were bemg imtiated was best indicated by 
the loud speaker since characteristic sounds were produced lastmg 
sometimes as much as several minutes after exposure of the receptors 
to all of the above solutions with the exception of the sugar solution 
The sounds were not produced by tap water or by Ringer’s solution — 
they were renewed by reexjxisnre to the stimulus, except m cases of 
exposures to very strong aad (concentrations > 5 per cent) This 
treatment evidently anesthetized or destroyed the taste buds after 
about a minute’s exposure 

The stnkmg thmg about these results is that they indicate a high 
degree of quantitative specificity of impulses for taste in Ametnrus 
nchulosus Les The amplitude of the impulses for taste are at the 
very threshold of sensitivity for present recording systems, they arc 
of the order of S microvolts They show roughly less than 10 per cent 
of the amplitude of the impulses initiated in different fibers of the same 
nerve m response to mechanical stimulation 

Since, in general, small action potentials arc produced by small 
fibers and large action potentials by large fibers, one is led to suspect 
that fiber size may be the basis of the impulse speaficity in this case 
Hemck (1901) pointed out that the mandibular and maxillary 
branches of the trigeminus both receive general cutaneous and com 
munis fibers m approximately equal proportions and furnish all of 
the barbels ivith fibers from these two systems In Aniettinis, as 
indeed in siluroids and cypnnoids m general, the taste buds arc pn 
manlv mnervated by the communis components of the 7th cranial 
nerve and to a lesser extent by components of the 9th and 10th cranial 
nerves The communis fibers to the taste buds take origin from the 
geniculate ganglion The tactile endings in Ameturus arc of the 
free ending type and are supplied by fibers from the Gasserian gang 
lion To quote from Hernck (1901, p 183) The cells of "the gcnicn 
late ganglion are all small, so that the general relations of the two 
ganglia can be determined despite their intimate fusion ’’ This dif 
ference m size of the cells of origin which send axons to the taste buds 
and to tactUe endings respectively may therefore serxe as a basis 
for the speafiaty in magnitude of potential of the impulses for the two 
sense modalities 
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SUMMARY 

1 Receptors m the lips and barbels of the catfish Amemrus nehnlo- 
sus Les are very sensitive to mechanical stimuli, giving large rapid 
(d-type) impulses m fibers of the facial nerve m response to touching 
the receptive surfaces and to movements of the water m which the 
preparation is immersed 

2 The great sensitivity of the barbels and lips to currents of water 
and the bilateral symmetry of the distnbution of sensitivity of the 
facial nen^e may serve as a basis for observed rheotropic orientation m 
the catfish 

3 Acetic acid, NaCl, and meat juice, dissolved m the water ba thin g 
the barbels and lips, set up impulses of very small and barely detect- 
able potential m the fibers of the facial nerve 

4 It IS suggested that the specificity of impulses for the two sense 
modahties may be correlated with the large size of the cells of ongm 
of the axons m the Gasserian ganglion supplymg tactile receptors and 
the small size of the cells of origin m the geniculate ganglion sending 
axons to taste-buds 
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INTRODUCTORY 

The function of the lateral line organs of water inhabiting verte 
brates has been a subject of interest to biologists for many years 
Externally the lateral hne system is marhed m fishes by rows of pores 
The mam lateral hne canal extends typically along the flank from 
head to tail and is a conspicuous marking on most fishes In the head 
this canal branches mto three stems, one of which passes forward 
above the eye, another forward and below the eye, and a third down 
ward and over the lower jaw Lying between the pores in the canal 
arc sense organs composed typically of supjmrting cells and sensory 
cells In the catfish Amciurtis ttcbitlostis Les , the animal used in the 
following expenments, the recepDve cells (neuromasts) he close to the 
lumen of the canal, and at their distal ends very fine hair like processes 
extend into the lumen (Brockelbank, 1925) The receptive cells are 
supphed bj the lateral hne nerve which runs along below the canal 
The neuroanatomy of the lateral hne system in Amamnts has been 
desenbed by Hemck (1901) The organs of the laterrJ line canal are 
supphed by the vagus nen e which has terminations m the tuber- 
culum acusticum The structures m the catfish are fairly typical of 
those in other fishes 

Fuchs m 1895 mvesUgated the functions of the organs b> recording action cur 
rents from the lateral hne nerves of the torpedo fish He obtamed negaUve dedec 
tions of his gali’anometer from what he attributed to be action currents of the 
lateral fine nerve in response to tactual stimulation of the end organs He failed 
to get responses to chemical stimulation or to changes m temperature From these 
expenments he concluded that the lateral Ime organs are tactile receptors 

Parker (1902 19(M) renewed thebteraturc concerning the function of the lateral 
hne organs and presented expenments describing the bchanor of normal fishes and 
fiSS 
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those deprived of functional lateral-line organs in the presence of various types of 
stimulation The experiments were earned out systematically on Fmduhis and 
confirmed with some seven other species of fish Parker concluded that these 
organs are mechanoreceptors respondmg to low vibration frequencies m the water 
(six per second), and that they are not stimulated by light, heat, sahnity of water, 
food, oxygen, carbon dioxide, fouhiess of water, water pressure, water currents, or 
sound 

In 1917 Parker and Van Heusen published a report on the mechanical stim- 
ulation of the catfish Ameturus nehulosiis Responses of groups of catfish were 
exammed after operations which rendered certam specific sense organs non-func- 
tional There were eight groups of fishes rangmg from those in which the three sets 
of possible mechanoreceptors — skm, ears, and lateral-hne organs — were functional, 
through those m which an)' two or only one of these sets of organs were functional 
One group was also exammed m which all of the three types of receptors had been 
elimmated 

The skin of Amenirus was found to be stimulated by the droppmg of water, by 
water currents, by a slow vibratory movement of the whole body of water, by the 
impact of a leaden ball on the end of the aquanum, and by low tones of a sub- 
merged telephone up to 172 double vibrations per second The ear of Ammmts 
was found to be stimulated by slow vibratory movements of the whole body of 
w ater, by the impact of a leaden ball on the end of the aquanum, by a whistle blown 
in the air, and by telephone vibrations rangmg roughly between 43 and 2700 
double vibrations per second Droppmg of water and water currents did not stimu- 
late the ears The responses mitiated from stimulatmg both ears and skm were 
locomotor)' Fishes m which the auditory nerves had been cut and the skm anesthe- 
tized, but which mam tamed functional lateral-hne organs, were found not to re- 
spond positivel)' to any of the above stimuli However, the receptivity of the 
lateral-hne organs to certam t)'pes of stimuh was clearly seen m those groups of 
fishes m which the lateral-hne organs were functional along with either the ears or 
the skm In these groups the lateral-hne organs seemed to inhibit responses 
normall) mitiated by stimulatmg the ears or the skm Thus, m response to 
blows from a leaden ball on the end of the aquanum, when only the skm was m- 
tact, the percentage of responses was 27, but when both skm and lateral-hne 
organs were efifective the response fell to 11 per cent When only the ear was 
mtact the percentage of responses was 73, but when the ear was combmed with 
the lateral-hne organs the percentage dropped to 33 Probable errors were not 
computed, but owing to the numbers of observations these differences are evi- 
dentl) significant The presence of lateral-lme organs m both cases markedly re- 
duced the percentage of responses From theu- experiments Parker and Van Heu- 
sen concluded that the lateral-hne organs of Ameiurus respond to impacts of a 
leaden ball on the walls of the aquanum, to slow vibratory movements of the whole 
bod) of water, to the lower tones of a submerged telephone, up to approximately 
344 \abiations, but not to a whistle blown m the aw, to the dropping of water, to 
currents of water, or to the higher tones of a telephone The responses to the 
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Stimuli ^^e^e found to be inhibitions of those responses initiated through the skin 
and the ears 

In view of the inhibitor} action of the lateral line organs, it occurred 
to the writer that an examination of the electrical responses of the 
lateral line nerve of the catfish not only might shed light on the normal 
functioning of the lateral line receptors, but might also furnish a clue 
as to the possible nature of the inhibitor) processes ina oh cd 

E\PPRliIENTAL 

In the present experiments onU the lateral hnc organs in tlie side of the fish 
\\ere studied, the organs of this s>stem located in the head were not examined 
Fishes were prepared for the experiments b> cutting through the medulla wath a 
knife In some expenments the entire head was rcmo\ ed m others cordotoms w’as 
performed so as to leave the circulation relativcb mlack The nerve suppl>ing 
the lateral line organs was bared for about I cm b\ ^cmo\^ng the skin and cover 
ing tissues over the lateral line streak just anterior to the dorsal fin After 
careful freeing the nerve was tied wath a thread and cut at its proximal end In 
this wav alengthofnervewasobtamcdwhich remained connected wnth the lateral 
hnc organs of the posterior part of the fish s bodv The fish was then immersed m 
water so as to cover the organs to be tested In some experiments it was laid with 
Its operated side uppermost m a glass dish with water coming up just to the mci 
Sion m others It was suspended tail down m a jar of water The nerve moistened 
with Ringer s solution was drawn bv the thread across silv er, silver chloride elec 
trodes connected to the recording svslem 

The recording sv stem consists of an eight vnlvc resistance capacitv coupled 
plificr which operates an iron armxturc oscillograph (Matthews 192S) Some of 
the amplihcd action potential from the nerve was further increased b\ a subsidiarv 
amplifier and recorded as sound on a loud speaker I ight from an arc lamp par 
tiallv intercepted bv a stationan. slrught edge is reflected from the oscillograph 
mirror into a camera, where motion of the oscillograph tongue upon which the mir 
ror IS mounted is recorded on mov mg bromide paper Another portion of the light 
reflected from the oscillograph mirror is projected bv rotating mirrors as a standing 
v\avc on a screen In this wav the experimenter can hear the amplified impubes 
from the nerve «ee them on a screen and photograph them vvhen he so desire*^ 

With the first literal fine nerve mvcstijj'itcd *1 cunous phenomenon 
wis ippircnt Instead of the usual smooth base fine wntfi nerve im 
pulses showing up as a result of spccilic end organ stimuhtion, greit 
ictiMtv was spontineousl) minifeslcd from the supposcdlv resting 
htenl fine svstem The svstem was found to be continuou«;lv emit 
ting nerv c impulses it a high frcqucnc) each nerv e fiber apparentiv di'; 
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charging at a rhythm of its own independently of the other fibers At 
first it seemed possible that this activity might be due either to an arti- 
fact of the apparatus or to injury of the nerve in the course of the oper- 
ation Control expenments show that these explanations are not ten- 
able The lateral-line system in Amciurus normally appears to be m a 
state of spontaneous activity, and its specific responses to stimuli take 
place against this background of activity Out of thirty-two nerves 
examined all but three were found to be spontaneously discharging 
These three nerves, hoivever, failed to show any response to stimula- 
tion of the lateral-line organs The same stimulation produced char- 
actenstic responses from the twenty-nine spontaneously active nerves 
It seems probable, therefore, that these three nerves were completely 
non-functional, due perhaps to injury from the operation 

Fig 1 <7 shoi\ s a typical lateral-line nerve firing spontaneously T his 
sort of activity goes on unabated throughout an expenment In some 
cases there was no reduction in the spontaneous discharge several hours 
after the first record was made The impulses arc typically diphasic, 
although the)- can be made monophasic by crushing the nerve under 
the distal electrode 

That we haxe to do \\ith nerve impulses and not with artifacts of the 
apparatus is further borne out by the fact that reducing the tempera- 
ture of the preparation produces a marked decline m the frequency of 
the spontaneous discharge and of the rate of the conduction of the 
impulses {cf Fig 4) Cutting the nerve where it enters the body but 
Icaxing it on the electrodes and in physical contact with the body pro- 
duces an immediate cessation of the spontaneous activity I he nerv'C 
IS also silenced b} anesthetics placed cither on the nerve or on the end 
organs Water on the exposed ner\T also causes failure of the spon- 
taneous discharge Fig \h shows a tjqncal smooth base line after 
cutting the neree between its region of entrance to the body and 
the electrodes Ihisneiwe is the same one used a few minutes pre- 
Moud\ for obtaining Fig la Sometimes failure of activity of the 
neiwe occurred during an experiment Drawing the nerve further 
along the electrodes frequenth was sufficient to renew the discharge 
Cutting the lateral-line nerve and canal midway between the original 
incision and the caudal end of the line of pores furthermore resulted in 
a substantial reduction of the densitj of the discharge due to the sever- 
ance of connection of the neuromasts posterior to this second incision 
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That the >;pontaneous activit> is not a product of the operation is 
indicated by the last fact Furthermore, rough treatment of the ntn e, 
such as pulling, permanently stops all responses The ner\ e lies just 
under the skin at the place of masion and may be cleanly dissected free 
nithout difficulty Since it is cut at the anterior end of its freed 
length, it is not in connection nith the central nervous sy stem Ana 
tomically there is no reason to belieae that the nerve distal to the elec 
trodes makes connection with the spinal cord The independence of 
the spontaneous activitv from possible connections with discharging 
intemuncial neurones of the cord was checked by pithing the cord 
This operation has no effect on the activity 

Other nerves were cxatmned in Amciuriis, but none were found to 
yield impulses spontaneously The body cavities of several fishes w ere 
opened and spinal nen es w ere tested Fig 1 c show s a typical response 
of a spinal nerve to touching with a feather the highly localized area of 
skin which it supphes The base hne is smooth The nerve is only 
active in response to direct stimulation of the end organs Fig Id 
shows ty pical responses obtained from a branch of the facial nerv o sup- 
plying the hp and base of the maxillary barbel when the skin is hghtlv 
touched (c/ Hoagland, 1932-33) The smooth base hne is apparent 

Changes in the frequency of the spontaneous discharge of the lateral 
line nerve were found to be brought about by two kinds of stimuli 
(f) mechamcrJ stimuli, (2) temperature changes No responses were 
elicited by chemical stimulation 

Lightly stroking the skin over the lateral hne organs was found to 
produce a marked increase in the frequency of impulses dunng the 
stroking Fig 2a shows a spontaneouslv firing lateral hne nerve and 
the increased density of discharge when the flank over the lateral line 
IS stroked w ith the tip of a feather These responses w ere cspeciallv 
audible on the loud speaker This finding is consistent wath that of 
Fuchs (1895) who however, records no evidence of spontaneous dis 
charge from the nerve His results are to be expected in view of the 
comparativelv crude galvanometers then available which would not he 
able to separate the impulses due to single fibers If the lateral line 
system operates in the torpedo fish as it docs m the catfish, continuous 
activity of the nerve would merclv serve to set what would appear to be 
a stable base line for a relatively insensitive recording system Onlv 






mnrks cich stroke 

(6) LlTcct of squirlmg a stream of \ratcr from a pipette against the lateral line 

(c) Increa<c in dcnsit\ of discharge acccmpan> jng spinal swimming movements tfTects of t\\o such movements are recorded 
00 Lffccts of nppling the surface of the i\ atcr which co\ ers the lateral line canal Time in tenths of a second 
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relatively gross changes of potential would cause a deflection from this 
base line 

Streams of water directed against the lateral-line from a pipette also 
produced an increase in the responses similar to those due to direct 
stroking (Fig 2 h) 

The presence or absence of water over the lateral-line organs seemed 
to make no difference in the frequency of the spontaneous discharge 
This was tested by recording the responses both before and after im- 
mersion of the flank of the fish in water and in some cases after subse- 
quent siphoning off of the water Prolonged drying of the skin 
ultimately produced a permanent cessation of all activity from the 
nerve 

Flexion of the body of the fish by means of a thread around its 
tail usually produced an increase in the density of discharge during the 
time of bending In some preparations slow, spontaneous spinal 
svimming reflexes persisted when the body was immersed in water 
1 hese rhythmic movements often produced small additional bursts of 
impulses clearl)'' audible on the loud speaker from the spontaneously 
firing neuromasts Fig 2 c shows responses resulting from reflex 
svimmmg movements Ihe upper part of the trunk was stationary 
and the ner\T did not move on the electrodes It is probable that 
pressure from the surrounding tissues is the stimulus increasing the 
discharge of the neuromasts when the body is bent 

\\g 2d shows responses to rippling the water v ilh a feather 

1 he response to vibratory stimuli was peculiar 1 hree tuning- 
forks were used, giving respectively 100, 200, 250 double vibrations 
per second These are within the range of frequencies which Parker 
found -would stimulate the lateral-line organs of Amciurus Fig 
allows the response of a lateral-hne organ to an electrically eartherl 
tuning-fork of 200 \ibrations after setting it in motion and pressing its 
shank against the outside wall of the glass vessel containing the prep- 
aration J he fibers of the lateral-hne nen e w'hich had previously been 
firing independenth of each other now become synehroni/cd and beat 
in a rlntlim of their own in this case about 40 beats per second 
1 h's rln thm seems to be characteristic of the tissue and is independent 
of the frequenc} of the tuning-fork since frequencies of 100 or of 250 
brought about the Mme frequenc\ of beating as the fork with the 
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lie ^ (<i) SNnchromzcdrinUiniic discharge of a «;pontancousl> acU\c lateral line nene at 40 per second ^%hcn a vibrating tuning fork giving 

doulilc vibrations per second is twice pressed against the outside of the vessel containing the preparation ^ 

lb) Rc^ponscs to pressure on skin receptors of a frog from a ilorsal cutaneous nerve The frog was placed m the same expcnmental setting as 
the catfish from which record (n) was obtained The vabraling tuning fork was pressed against the outside of the containing vessel as above, but no 
svnehronous responses occurrcil 
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frequency of 200 Only approximately 60 per cent of the preparations 
sliov ed tins response to tuning-forks The remaining 40 per cent were 
unresponsive to the forks, but were responsive to other forms of 
mechanical stimulation 

To be sure that the beating of the lateral-line system is a function of 
the tissue and is not an artifact of the apparatus, certain control 
experiments were necessar}'' Mechanical changes, such as vigorously 
tapping the containing vessel, will produce sudden shifts m the base 
line with high amplification, which, while not especially resembling 
nerve impulses m form, may nevertheless be misleading Lateral- 
line nerves A\ere crushed and their spontaneous activit}’’ stopped 
A tuning-fork was then set vibrating and pressed against the outside 
of the dish containing the preparation No such effects were recorded 
as those seen in Fig de, although sometimes slight disturbances were 
superimposed on the smooth base line which corresponded identically 
■with the frequency of the tuning-fork In fact these disturbances 
i\ere photographed and used in checking the calibration of the forks 
This effect u as ^ erv different from that recorded in Fig 3 o 

The fact that translation of the mechanical energy of the fork into 
electrical disturbances did occur in the system and was transmitted 
to the electrodes through quite inactive nerve (a Ringer-moistened 
thread in contact vith the fish’s body would give the same result) made 
It seem possible that this disturbance, superimposed on the background 
of spontaneous actn ity of the normal nerve, might produce a periodic 
acti\it\ of the recording system, and thus account for the result seen 
in Fig i<i To examine this possibility it was necessary to find a 
ner\ e vhicli could be made, b} suitable stimulation, to give a discharge 
dcnsIt^ similar to that of the lateral-line nerve Such nerves could 
then be tested under the same conditions as those used in testing the 
lateral-lines nerxes 1 he most suitable preparations for this purpose 
turned out to be the dorsal cutaneous nerxes of frogs A frog, xxith 
brain and cord pithed, x\as put in the same dish used for the experi- 
ments x\ ith the catfish 1 he lex el of the x\ ater x\ as brought up so as to 
immerse all but the back of the frog lx ing x entrum doxx n The nerx t, 
cut at its entrance to the cord, x\ as draxx n across the electrodes 

Fig 3f) <hox\b a txpical discharge initiated bx pressing a frog’s sLin 
with a feather held in the hand The xibrating tuning-fork (200 
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double vibrations) vas pressed on the outside of the dish near the 
beginning of this discharge No response such as is show n in Fig 3 a 
was found to occur m repeated evTienments invoKang twelve dorsal 
cutaneous ner\ es Since the e’tpenmental set up and the massiveness 
of the discharge is the same in the evpenments wath the catfish and 
those with the frog, it seems safe to conclude that the phasic effects 
show n in Fig 3 a are produced by the rh> thmic beating of the lateral- 
line end organs brought into "step” wath each other b> the vibratort 
stimulus ' 

From the foregoing expenments the lateral line organs appear to be 
tactile receptors, a finding quite in agreement wath much of the previ 
ous work especially that of Parker The peculiar thing about these 
organs is that thej respond to pressure of moderate durations b\ an 
increase in frequency For short rhythmic pulsations of pressure as 
produced by tuning forks the randomly beating neuromasts get into 
phase wath each other and beat syaichronousK at frequencies ranging 
from 20 to 70 beats per second depending upon the individual animal, 
but independent of the frequency of the stimulus for forks giaang 100, 
200, and 250 double vibrations 

luMcw o5 the continuous activity olthtlatcrai'imc system it seemed 
probable that temperature might modify the actiMty Despite the 
negatne findings of both Fuchs and Parker, such modification might 
serve as a basis for temperature discrimination Tests of the spon 
taneous activity of the same lateral line nerve at different temperatures 
consistently showed marked changes in frequenev with temperature 
For these evpenments a decapitated fish was hung tail downward m a 
glass jar containing water The level of the water was adjusted so as 
just to cover the bodv up to the incision As in all of the expenments, 
care was taken to keep the wound and cspqciallv the nerve, moistened 
with Ringer solution Ihe temperature of the water in the jar was 
read by means of a thermometer suspended m it and the discharge of 

‘ In some control expenments a massive discharge of impulses was produced b\ 
putting 10 per cent acetic acid on die frog s skin The frog gastrocnemius was 
also stretched and the discharge of impulses was recorded from the sciatic nen e 
Here again rhv thmic effects such as arc seen in I ig la were never produced when 
the tunmg forks were applietf dunng the discharge to the outside of the dish con 
taming the preparation 
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the nene ^^as photographed In addition to the spontaneous dis- 
charge the effects of certain of the mechanical stimuli which have just 
been discussed vere also measured The reception of these stimuli 
seemed to be unaffected by temperatures ranging between 5° and 28°C 
Data were obtained on the responses of ten lateral-line nerves for this 
range of temperatures As soon as the suitable record had been ob- 
tained for a given temperature, the water in the jar was quickly 
siphoned oft vithout moving the preparation, and was replaced by 
V ater at another temperature This change of water could be effected 
in 30 seconds A series of beakers with water at suitable temperatures 
vas kept on hand to facilitate rapid changes of the bath Measure- 
ments of the disdiarge at the new temperature were made after approx- 
imately 1 minute 

Fig 4 shovs Dqncal spontaneous responses of a lateral-line nerve at 
four different temperatures - It may be seen that the frequency de- 
clines considerabl} v hen the temperature is lowered, and that it recovers 
full} on raising the temperature again A quantitative analysis of 
the effect of temperature on the frequency of discharge is in prepara- 
tion The results are in disagreement with those of Fuchs reported in 
1895, who was unable to obtain responses to changes in temperature 
from the lateral-line nerv^es of the torpedo fish Positive results with 
the electncal recording apparatus then available would be unlikely if 
the responses to temperature changes are similar m the lateral-line 
ncr\ e of the skate and the catfish A decline in frequency with tem- 
perature would mere!} shift slightly the base line of an insensitive 
instrument, a change the significance of which might readily escape 
attention 

lo test the possibiht} that the lateral-line system may be concerned 
with temperature reception, I endeavored to obtain impulses in re- 
sponse to temperature changes from spinal nerves and from branches 
to the facial nerves in the catfish IMarked temperature changes be- 
tween the ranges of 0°C (from ice on the skin) and 28°C produced no 
nerve impulses Some si\ spinal nerves chosen at random were tested 

- B\ «e\ennc tlie lateral line s\stem just caudal lo the junction of the nerve to 
the bod\ It has rccenth been possible to get response^ from onlv one organ supplied 
b\ 10-15 fiber? B\ chilling this preparation it is possible to silence progrcssiveb 
•’ll but one iibcr 
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in two fishes, and branches of the facial nerves supplying in different 
cases the bps and barbels in three fishes were e'camined The areas 
supphed by the nerves were m all cases carefully mapped by touching 
the skin with a feather and hstening to the burst of impulses on the 
loud speaker Water from a pipette at temperatures above or below 
that of the water bathmg the skin was allowed to diffuse slowly onto 
the sensitive area A few responses were often initiallj produced ow- 
ing to the pressure of the diffusing water, but these stopped with 
the current, and were the same regardless of the temperature of the 
water This negative evidence strengthens the possibihty that 
temperature sensitivity in the catfish may be mediated by the lateral- 
line system which alters the frequency of its spontaneous discharge witli 
temperature The position of the neuromasts just under the skin, 
their wide distribution, not only along the lateral line, but in the 
head as well, is anatormcally consistent with their use as temperature 
receptors 

DISCUSSION 

The strongest evidence agamst the nobon of the lateral hnc organs 
functiomng as temperature receptors w as presented by Parker’s (190-1) 
experiments Tlie behavior of Fundulus in which the lateral hne 
organs were non funcbonal was indistinguishable from that of normal 
fishes, at vanous temperatures, and Parker concluded that heat is not 
a stimulus to the lateral line organs 

These results, however, do not seem to me to be conclusiv e The 
behavior of all the fishes at any temperature w as at first to go to the bot 
tom of the aquanum and to remain there for varying penods of time 
This seems to have been a sort of escape movement initiated by plac- 
ing them m the vessel Dunng these intervals at the bottom the fish 
would approach the temperature of its surroundings, and its subsc 
quent rise to the surface at certain temperatures might depend entirely 
upon factors conditioned bj the internal temperature, independently 
of the activity of temperature receptors which the fish cither might or 
might not possess This criticism maj be applied to many studies of 
the effect of temperature on coldblooded vertebrates where one is 
concerned pnmanly with the problem of thermal receptors 

Certain observations howerer do indicate that fishes possess a temperature 
sense. The influence of temperature m determining the migratory course of sal 
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mon to inland spawning waters has been pointed out b\ Ward (1927, 1929) The 
fishes swim upstream against the current, and when thei" come to branchmg 
streams they alwaj's swim mto the colder of the tu o, other thmgs being equal. 

Wells (1914) has reported experiments on a x-anetj of species of fresh water 
fish mcludmg the catfish His work mdicates that fishes possess a high degree 
of sensitiMt}' to temperature Fishes were put m a long, narrow tank, with water 
at different temperatures flowmg m at the two ends The water flowed to the 
middle of the tank and thence out through drains at the top and bottom The 
result was a mixmg of the water and the production of a temperature gradient, 
espeaall} m the imddle third of the tank The fish was mtroduced at the center of 
the tank and a graph of its movements was made In a like manner control 
experiments acre made usmg the inflowmg water at both ends of the tank at 
the same temperature In the control experiments the movements were of a ran- 
dom nature, but in the experiments with different temperatures at the two ends, all 
four spieaes of fish exarmned, mcludmg Avicutrus luclas, turned sharpl} away 
from the cold portions of the tank and elected to remam m water of 16 -19°C Ac- 
cording to Wells, fishes react to lanations of temperature as small as 0 1°C 

The present findings, while not proxmg that the lateral-hne organs 
act as thermal receptors, do show that they may do so, since they 
respond to differences of temperature which other cutaneous organs 
apparent!}' do not 

According to Hemck (1901) the lateral-hne sense organs of Amcinriis 
are of three structural t}'pe5 (1) large pit organs, (2) small pit organs, 
(3) canal organs The pit organs are scattered over the skin of the 
flank and are supphed by twigs of the lateral-hne nerve It is possible 
that one or another of these t}'pes of organs may alone be composed of 
direct tactile receptors, and that another t}'pe may function as spon- 
taneously beating receptors That this may be true is suggested by 
Fig 2, espeaally by records (a) and (c) Here mechanical stimulation 
increases not onh the frequency of discharge but also raises the height 
of the potential spikes This could be brought about by the simul- 
taneous discharge from sex eral fibers or by bnnging mto play entirely 
new receptors whose nerve fibers gix e large action potentials From 
the single appearance of the potential spikes obtained on stimulation 
this latter alternative seems hkely On the other hand, the increased 
height of the potential spikes of Fig 3 in response to tumng-fork stimu- 
lation is apparently due to the sx-nchronizing and summation of the 
discharges of the spontaneous!} finng fibers 

The continuous discharge of the neuromasts vould hardly be o'"- 
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pccted from their structure It is possible, however, that the hair hke 
filaments of the sensory cells projecUng into the lumen of the canal, 
may actually be aha which by beating set up a state of continuous 
exatabihty in the end organs of which they are a part I know of no 
direct evidence concerning this matter, one way or the other 

The action of the lateral line system of Aineturus in inhibiting responses nor 
mally induced by mechanical sbmulationof the ears and skin (Parker and Van Heu 
sen, 1917) bears certam points of resemblance to the inhibition of tacble rcceptiv 
ity by the visual apparatus as described by Cro2ier(1918) Crozierfound thatthc 
hamlet or grouper fish, Lpinephehts sirtaius (Bloch), undergoes a marked increase 
in sensitivity to slight mcchamcal disturbances in the v.'atcr after the exclusion of 
vision The fishes were able to avoid colhsions with rods and wires m an aquanum 
much more effectually after depnvmg them of vision than with the visual appara 
tus functioning The visual apparatus inhibits the reception by the skin of median 
ical disturbances produced by objects in the water — objects ishich may cither be 
znovingtowardthefishortowardswbicbthefisbmoves The continuous stream 
of centnpetal impulses from the retina evidentlv produces central mbibition in the 
centers concerned with the reception of tactual cues The lateral line nerve, 
u a state of constant spontaneous activity, produces a centnpetal stream of im 
pulses which may be compared to the impulses continuously passing over the optic 
nerve when light acts on the retina The centnpetal impulses from the lateral 
line nerve may also produce central inhibition of incoming tactual and auditor> 
impulses m the u'ay that the visual impulses centrally inhibit those from the tactile 
receptors m Epincphelus The inhibitory effects of the lateral line system ina> 
therefore be a corollary of the spontaneous activit> 

The responses of the lateral line organs to movements of the fish’s 
trunk arc intcrcstmg, since they may ser\c ns kinesthetic cues in 
swimming These impulses may act to regulate speed of swimming 
and direction of turning, espcaally in darkness and when the fish is in 
raidwater 


SUMMARY 

1 Records of impulses from the lateral hne nerves of catfish show 
that the lateral line organs arc in a state of continuous activity, pro- 
duang a massive discharge of impulses 

2 The discharge may be increased dunng the direct apphcation of 
pressure on the skin o\ cr the lateral line canal, by npplcs in the water, 
by irregular currents of w ater, and by mo\ ements of the fish’s trunk 

3 The asynchronously discharging lateral hne organs respond to 
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Vibratory stimuli from tuning-forks by getting into phase with cadi 
other and by beating synchronous^ at frequencies ranging from 20 to 
70 per second The frequency of beating for a given preparation is 
independent of the frequency of the tuning-fork for the fork frequencies 
of 100, 200, and 250 double vibrations which were used 

4 The continuous discharge of the lateral-hne system is markedly 
changed by alteration of temperature The frequency declines on 
lowenng the temperature and nses on increasing it Spinal and facial 
nerves in the catfish fail to yield nerve impulses in response to changes 
of the skm temperature betw'een 0® and 2S°C , although the intact 
animal is knowm to be sensitive to temperature dilTerences 

5 The action of the lateral-line system of Ammmis in inhibiting 
responses initiated through the skin and ears (Parker and Van Heusen, 
1917) IS discussed in the light of the present expenments 
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I 

In a recent paper (Hoagland, 1932-33) it was pointed out that the 
lateral line nerves of catfish Atnetunts itehulosus appear to be norraallj 
in a state of continuous activity, discharging impulses at a high fre 
quency These impulses were shown to be initiated by the sense organs 
(ncuromasts) of the lateral hne system The frequency of the dis 
charge could be modified by various forms of mechanical stimulation 
and by altenng the temperature of the receptors The present paper 
IS based upon a quantitate e stud> of the effect of temperature on the 
impulse discharge from the lateral line organs of the catfish, and also 
an analysis of the contnbution which the individual receptors make to 
the total discharge in the nerve 


n 

Tests of lateral line nerves of a number of speaes of fresh ^•ater fish ha\c re- 
cently been made using the method prcviousb described (Hoagland, 1932-33) 
In brief, this consists in banng the lateral line nerve about a centimeter behmd the 
head and dissecting it free for 1 or 2 cm It is then tied, cut ccphalad, and the freed 
length IS drawn across silver, silver-chloride electrodes connected to the recording 
svstem The action potentials of the ner^c arc amplified and recorded b\ an 
iron armature oscillograph (Matthews 1928) used in conjunction with a camera 
and a standing wa\e screen A loud speaker makes the amplified action poten 
tials audible 

The lateral Imc nersc of the brook trout Salvelinus fontmaUs (Milchill), was 
also found to give a \er> %'igorous spontaneous discharge of impulses m five out of 
5c\cn ncr.es tested {cf Fig 6 c and d) Other fishes tested were perch, four 
ncr^-es pickerel, eight nerves, blue giUedand red gillcd sunfisb, six nerves of each 
rundulus fiv'enerves andgoldfish fournerves No nerve impulses were obtained 
from the thirt> two lateral hne nerves of these other fishes. Not onlv were there 
no spontaneous impulses, but stroking the skm above the lateral hne canal and 
715 
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i:ising other forms of mechanical stimulation, effecti\e on the catfish and trout, 
produced no responses 

There is an outstandmg morphological difi'erence between fishes givmg responses 
and those which do not m the cases so far examined Those of the former group 
either do not have scales (catfish) or have extreme!} small ones (trout) , hile those 
of the latter group are well protected b} scales The degree of myehnation and 
mechanical strength of the \er} penpheral lateral-hne nerves seems to be roughlv 
an in\ erse function of the protection afforded b} the integument The scab fishes 
exammed, with the possible exception of the goldfish, have ver}" much more deli- 
cate lateral-lme neiwes than ha\e the catfish or trout, thus rendenng surgical 
manipulation difficult It seems probable that the more delicate nerves of the 
hea\-ih scaled fishes ma} be damaged in the operation and thus silenced It is also 
possible that shearmg action of the scales vhile handling themmav destro} the 
delicate connections of the ner\'e with the neuromasts 

m 

If one cuts through a spontaneously discharging lateral-line nerve 
at a point several centimeters postenor to the ongmal incision, an 
immediate dechne in frequency of discharge results, owing to the sever- 
ance of connections with neuromasts caudal to this inasion In this 
way, by successive!}* cutting the lateral-hne system along the flank at 
decreasing distances from the region where the nen^e passes from the 
body to the recording electrodes, it is possible to study the con- 
tribution made to the total response by the mdmdual receptor groups 
located between these cuts and the initial operation This may be 
done by photographmg the spontaneous discharge after each fresh cut, 
the distance between this cut and the original incision from which 
the nen*e emerges being carefully measured The number of end 
organs remaining after each cut may be counted as follows After 
completion of the experiment the fish is turned over and the opposite 
ncr\*e is exposed b} an operation bilaterally symmetncal to the first 
one This second nerx’e is then pulled \ ery gently In the case of the 
catfish and quite frequently with trout, it is possible to draw* the entire 
ner% e out of the body without breaking it As one pulls, a puckenng 
is detected at each neuromast group as the fibers innervating it are 
broken The breaking away from the neuromasts occurs in an ante- 
rior postenor direction along the flank so that a count of the successive 
p jckenngs gi\ es the number of groups of neuromasts caudal to the exit 
of the nene to the electrodes B\ such a count the distnbution of 
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the neuromasts as a function of the distance from the incision may be 
obtamed Such a direct procedure is necessary since the neuromasts 
in Anieiunis are packed ivith increasing closeness as one approaches the 
tail and are not always marked externally by pores as are those more 
cephalad Control tests showed a high degree of bilateral symmetry for 
distnbution of sense organs m a given fish, indicating that the distn 



Fig 1 Relation between frequency of nerve impulse discharge and number of 
contributory lateral Une receptor groups 

bution on one side could serve as a measure for that on the opposite, 
tested side 

Fig 1 shows a typical curve indicating the relation between fre 
quency of spontaneous discharge of nerve impulses from the lateral 
line nerve of a catfish and the number of neuromasts caudal to the point 
of emergence of the nerve from the body The cun c is sigmoid — the 
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flattened upper part indicating that the more densely packed organs 
towards the tail contnbute a smaller quota of impulses to the total 
discharge As will be seen more clearly presently, the curvature at 



the bottom of the figure may be accounted for by the fact that the first 
fev receptor groups caudal to the initial inasion are damaged by 
the operation, so that a full discharge from their neuromasts is not 
obtained ' 

* Tlie iniUal operation exposing tbe ncr\e in\ol\es not onlj cutting avraj a 
patch of shin, but also the freeing of from I to 2 cm of none \ certain amovnt of 
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In some expenments one gets results shown by Curve A of Tig 2, 
where there is an almost hneat relation between frequency of impulse 
and the first five neuromasts posterior to the inasion This indicates, 
in such cases, the probable absence of damage to sense organs near 
the initial inasion Six out of eight expenments plotted gave sigmoid 
curves hke those of Fig 1 Only two curves were obtained of the type 
of Curve A, Fig 2 Curve B of Fig 2 is an example from another ex 
penment yielding a typical sigmoid curve similar to that of Fig 1 Un 
less otherwise designated the figures m this paper refer to expenments 
with the lateral hue nerves of catfish The trout lateral hne nerve 
has not as yet been studied systematically 

Fig 3 IS the differential curve of Fig 1, made by plottmg the slope 
of that curve agamst the number of sense organ groups It is essen 
tiall> a skewed distnbution curve, showing the relative frequency 
contnbuted by each of the sense organ groups caudal from the region 
of the imtial operation 

Each point m Figs 1 and 2 was obtained by counting the number of 
impulses in each of fifteen tenth-of a second mtcrvals on the photo 
graphs m which 0 1 second = approximately 15 mm The frequenaes 
for the fifteen intervals were averaged and their probable errors 
determined 

Fig 4 IS 1 plot of the vanabihty (cf Crozier, 1929), expressed as 
per cent probable error of the mean frequency for fifteen tenth-of a 
second intervals, against the number of active sensory groups The 
vanabihty is seen to be constant from approximately the seventh sense 
organ group caudal to the initial inasion, while it mcreases rapidly as 
one approaches the region of exit of the nerve The constancy ot 
vanabihty beyond the seventh receptor group mdicatcs that the 
flattened upper parts of the curve of Fig 1 and Curve B of Fig 2 
are not due to inability to distingmsh and count the higjier frequenaes 


pulling on the nerev is inevitable The subsequent incisions severing the lateral 
fine canal andneneat mtcrvals are made with a verj thin sharp knile thrust but 
once vertically into the side from abo\-e the lateral hne canal Spread of da m age 
from these knife thrusts would be slight compared to that from the miUal opera 
tion where aside from the effects of mechamcal inanipulaUon, diffusion ot tissue 
eitracts might produce inhibition of the neuromasts in an amount proportional to 
their concentrations. 
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Were this the case one would expect the relatn e vanabihty to increase 
with increasing numbers of sense organs o^^^ng to the comcidence 
of impulses on the records which might escape countmg 



Fig 3 The difTerential curve denved from Fig 1, made b> plottmg the slope 
of that curve against the number of receptor groups The curve shows the rela- 
ti\ e contnbution made bv each receptor group to the total response 

Fig 5 is an example of the data from which the curves have been 
made It show s segments of tx-pical records of impulses correspond- 
ing to thirty-tv o sex enteen, seven, four, and two receptor groups 
The freouencx and uniformity of the potential magnitudes of the 
discharge from one or tv o receptor groups v as often so low (cf Fig 1, 
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CurvcBofFig 2,'indrig 3) as to indicate that onl> a fei\ fibers ^\c^c 
functioning It is possible to remove Uie entire lateral line nerve and 
tease apart the branches going to the neuromasts I\Tien this is done 
one can count under the microscope ten to fifteen fibers going to each 
group of sense organs, excepting m the closcl> packed groups near the 
tail where the number of fibers declines to about half of this number 
This paucity of fibers supplying the caudal groups gives a basis for the 



lie 4 I’lot of rclaliNc \arianon against the total number of receptor groups 
The significincc of the cur\cs IS discussed in the text CurxesA B and C cor 
respond rcspcctiseU to the experiments recorded m Curxes \ and B of hig 2 and 
1 ig 1 

flattened upper parts of the curves of Figs 1 and 2 and for the declining 
nghthalfof the curve of Fig 3 The frequencies are cvidcnlU less for 
the caudal groups because there are few cr fibers supplvang them The 
fact that the relative number of actre fibers is few for receptors near 
the operation comjiared to those in the middle region of the trunk, 
while the number of fibers innervating the groups is as large or larger 
than for those more caudal groups indicates that some of the fiber 
connections to the neuromasls near the i>oint of incision arc inactive 
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Fig 9 IS a plot of the per cent vanabihty against the temperature in 
degrees Centigrade, for four expenments Two of the four curves 
show no change in vanabihty of response with temperature, while the 
vanabihty is seen to increase at low temperatures in two cases Since 



Fig 7 The numbers of the experimental pomts indicate the order m which 
they were detemuned 

temperature causes a dechne in frequency, one would expect the van- 
ability to increase at low temperatures if the lowered frequency de- 
pended, m part, on the cessation of activity of increasing numbers of 
receptors with dechning temperature The situation would be similar 
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to that discussed in connection with the nse in vanabihty of response 
mth the operative removal of functional units illustrated m Tigs 4 



Fig 9 ReUuvei'anabilitv as a function of temperature. 
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and 5 The rising part of the curves of both Figs 4 and 9 are evi- 
dently the result, therefore, of the ehmination of functional units leav- 
ing only a few fibers active which, as we have seen, normally beat 
irregularly The vanation in frequency is, therefore, relatively 
great In the expenments illustrated in Fig 4 the elimination is the 
result of the effect of the operation on adjacent neuromasts, while in 
the case of Fig 9 the ehmination is evidently due to the inactivation 
of neuromasts at low temperature {cf also Hoagland, 1932-33, 
Fig 4) 

The photographic records of the response also bear this out For 
expenments in which tlie vanabihty is highest one finds that the 
records indicate that only a few nerve fibers are active at the lowest 
temperature — the action potential magnitudes can be classified into 
two or three distmct groups The vanabihty analysis, therefore, ap- 
pears to offer an effective approach to the measurement of the number 
of umts which are contnbuting to the summed response of the nerve 
trunk It may also serve as a dehcate quantitative indicator of the 
spread of the effect of surgical manipulation through nervous tissue 

DISCUSSION 

In attempting to account for the spontaneous discharge from the 
lateral-line nerve, I suggested (Hoagland, 1932-33) that the hair cells 
of the neuromasts projecting into the lumen of the lateral-hne canal 
might actually be ciha, which by beating excite the nerve fibers of the 
neuromasts As yet it has not been possible to examine the hvmg 
neuromasts optically Bowen (1932) has, however, recently reported 
that the hair cells of the cnsta of the ear of catfish maybe seen to beat 
as ciha The sensory region of the cnsta is made up of sensory cells 
and supporting cells, the hair cells projecting into the lymph of the 
ampulla There is a striking correspondence between the anatomy 
of the lateral-hne receptors and that of the receptors of the inner ear 
This close relationship is extended by considerations of the neuroanat- 
omy of the two systems and also by their ontogeny (Hemck, 1901 , 
1903) Accordmg to Bowen the amount and frequency of movement 
of the hair cells of the cnsta vary considerably in diff’erent prepara- 
tions The activity was found to be greatly affected by a vanety of 
reagents, small amoimts of which were observed to produce a complete 
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cessation of movement and a retraction of the hairs The apphcation 
of distilled water, for example, caused the complete disappearance of 
the hairs m from 2 to 3 seconds In some preparations only one or tn o 
hairs were active while in others many were seen to be beating vigor 
ously Individual hairs rvere found to beat with waxing and waning 
frequencies The average frequency for beating, of four hairs, over a 
period of some minutes, was S beats pet second — a frequency somev, hat 
less than that usually found for the spontaneous discharge of fibers of 
the lateral hne nerve (</ Figs 5 and 6) 

All of the foregoing facts are suggestive if the hair cells of the neuro 
masts may be considered as aba The sensitivity of the hair cells of 
the cnsta to reagents suggests a possible parallel with the susceptibihty 
of the neuromasts to operative shock The character of the beating 
of individual aha is to a large degree consistent with nhat one might 
expect if similar activity were determimng the emission of impulses 
from the lateral hne nerve 

There is a possible resemblance between the anatomical arrange- 
ment of the Purhinjc cells of the mammahan cerebellum and the or 
gans of the lateral hne system In a sense, the latter system may be 
regarded as a model of a battery of Purkinjc cells In both cases the 
individual imits contribute fibers to a common path The Purkinje 
cells are thought to be intemunaal neurones which continually receive 
and transmit impulses serving to regulate posture and coordination 
by v\ ay of tonic exatatory and inhibitory effects on a variety of centers 
It has been suggested that they may act tonically by discharging 
spontaneously The lateral hne system, in addition to its receptor 
function, IS also known, by its continuous action, to exert a central 
inhibitory mfluence (Parker and Van Hcusen, 1917, and Hoagland, 
1932-33) The quantitative analysis of impulses from the lateral hne 
system may possibly shed some light on the operation of intemunaal 
neurones 


SOMMAKV 

1 The lateral hne nerves of trout as well as those of catfish arc 
found to discharge impulses spontaneously at a high frequency 

2 The frequency of nerve impulse discharge is measured as a func 
tion of the number of partiapating receptor groups (lateral hne sense 
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organs) A quantitative analysis is made of the contribution to the 
total response made by each group of sense organs 

3 An analysis of the vanabihty of the response is presented which 
makes it possible to estimate quantitatively the longitudinal extent of 
damage to the neuromasts due to surgical manipulation 

4 A method is descnbed for recording the response of a single nerve 
fiber in the lateral-hne trunk 

5 The frequency of the spontaneous discharge from the lateral-hne 
nerve trunk when plotted as a function of temperature accordmg to 
the Arrhemus equation yields a temperature charactenstic of approxi- 
mately 5000 calories 

6 The vanabihty of the frequency of response as a function of 
temperature indicates the existence of temperature thresholds for the 
spontaneous activity of the neuromasts 

7 A possible basis for the spontaneous activity is considered 

It IS pointed out that the lateral-hne system may serve as a model 
of the Purkmje cells of the cerebellum 
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“GROWTH-PROMOTING SUBSTANCE” AND ELONGATION 
OF ROOTS 
Bit A E NAVEZ 

(From the Laboratory of General Physiology, Harvard Umverstty, Cambridge) 
(Accepted for publication March 17 1933) 

I 

The very marked difference m gcotropic response of root and of stem 
has been explained by implying the eiastence of different mechanisms, 
based either on the presence of starch grams in special organs (Nemcc, 
1900) or on the actmtj of growth promotmg substances formed by the 
tip of each organ (Cholodny, 1924) 

The first tentative explanation is practically ruled out by the fact 
that organs of plants nhich have no starch containing cells maj still 
show defimte geotropic reactions 

The second hypothesis can be considered as favoring one of tno 
possibilities either different substances are formed b> the tips of root 
and stem respectively, the difference being shown by the reaction of 
each organ, or else the substances may be the same but eliat reactions 
of opposite signs bj their action on different substrata 
An experiment reported by Cholodny (1924, 1926) gives a possible 
way of discnmiuatmg between the two views under the second hypoth 
esis He showed that decapitated roots of Zca and Ltiptnus when 
“tipped” again with Avena coleoptile Ups exhibit gcotropic cun ature 
in the right direction and with normal speed, when suitablj excited 
In other words, substances coming from the tip of a coleoptile deter- 
mine opposite movements m stem and in root, plaang us therefore 
under the necessity of transfemng to the organization of the stem or 
root the “choice ’ in the differential response 
If such a substance induces opposite responses in root and stem, one 
maj still w onder if under gcotropic exatation of stem or root differen 
tial accumulation of this growth promoting substance takes place (I) 
at the lower side of the horizontal stem and at the upper side of the 
horizontal root, or (2) in both organs at the lower side, but with 
733 
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antagonistic effects, viz, accelerating growth of the lower half of the 
stem and partially mhibitmg the growth of the lower half of the root 
Cholodny (1926) has reported that the rate of growth of the roots 
tipped Bath coleoptile tips is definitely reduced 
More recently, when the expenmentaJ part of the present work was 
finished, a paper by Keeble, Nelson, and Snow (1931) brought out 
additional arguments for these views These authors used Zea mays 
roots, which may not be the very best material for such expenments 
Furthermore, the “tipping” was done m all expenments with root or 
coleoptile tips and no attempt was made to use the Went-Dolk 
technique of handhng the growth-promotmg substance by means of 
agar blocks 


n 

In the course of an mvestigation of the mechanism of geotropic 
bendmg of roots, the rate of elongation of normal, intact roots of 
Liipinns albiis n^as measured over durations of 2 to 5 hours while 
the roots were growing vertically downward, at a temperature of 
22-22 5°C Young seedhngs with a root of 10 mm in length on 
the average were placed on a perforated paraflin disk covenng the 
opemng of a small vial, hned almost completely with moist filter paper 
Roots were m this way m an atmosphere nearly saturated with 
moisture Care must be taken to remove any free drops of water 
(c/ Navez, 1933) which might accumulate at the tip of the root, 
either by means of a small dry brush or vith a httle roU of filter paper 
The normal elongation was followed by means of a horizontal micro- 
scope with micrometnc eyepiece Fig 1 shows at A the type of curve 
obtamed a straight hne fits the observations over the portion of time 
involved m the expenment All other conditions being the same, some 
roots whose normal elongation had been followed for 2 to 3 hours were 
decapitated at 1 0 mm to 1 5 mm from the tip and placed again 
under observation The immediate effect of the decapitation is a 
complete stop in the elongation of the root, followed within 10 to 50 
minutes, accordmg to the mdividual seedhng observed, by a renewed 
elongation proceeding now at a slower rate (Fig 1, Curve B) 

For penods of to 2 hours this new rate remains practically con- 
stant, after which it gradually increases The increase is obviously 
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due to the regenerated activity of a new “phj'siological tip" located at 
the cut section, and is analogous to that observed in the coleoptile of 



Fic 1 

Cun e A The normal elongation of an mtacl root of Luptnus 
Cune B Elongation of a root decapitated at the moment pomted b> the 
arrow 

Oin’c C A decapitated root elongating at a constant rate (o) is provided at 
the moment mdicated b\ the arrow with a tip of coleoptBe of Zea 

CurveD A decapitated root of provided successuel) at the Tnotncnls 

indicated b\ the black lines with 1, 2, and 4 ' coleoptflc units of diflusate from 
Atcra 
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Avena by Went (1928) This physiological tip does not involve 
morphological regeneration, which could not take place in so short a 
tune The existence of the new physiological tip has been held to be 
demonstrated by cutting off the last milhmeter of the decapitated root, 
which again reduces the rate of growth practically to what it was 
before physiological regeneration took place 

Other decapitated roots of seedlings were observed for a penod of 
time sufficient to make sure of a definite constancy m their rate of 
growth (1 hour), this once estabhshed, they were tipped with tips of 
coleoptiles of Zea mays of about 1 5 mm length, which were made 
adherent by touching their cut surface with a 3 per cent solution of 
gelatin The adhesion of the tips is then very good, and the presence 
of gelatin does not of itself mtroduce any factor affectmg growth, as 
control experiments have shown 

One notes m Fig 1, Curve C, that after a short lag penod, which 
may be attributed to the presence of the gelatm, a constant rate of 
growth IS reached which is maintained for about 2 hours Apparently 
the inhibition of elongation then gradually diminishes * The remark- 
able feature of Part h of Curve C is the drop in slope In other words, 
the growth substance diffusing from a coleoptile tip reduces the rate 
of elongation of the root 

m 

To deal in a more quantitative way with the unknown growth 
substance we used the technique described by Went (1928), and 
employed Avena coleoptiles as the test orgamsm to determine the con- 
centration of active substance extracted by the agar block ^ ' Agar 

^ This decrease m inhibition must be attributed to a decreased vitahty of the tip 
of the coleoptile, either through gradual using up of its growth substance or by 
failure of the tip to receive the necessary materials to keep it m good condition for 
formation of the effective substance It is apparently not due to mtemal condi- 
tions m the root, as one can keep the rate depressed by changmg at regular mter- 
vals of time the tips or blocks of agar contammg the diffusate from tips collected 
by Went’s (1928) technique 

- Coleoptiles of Avena are decapitated when 25 to 30 mm long, and tipped with 
agar blocks contammg the diffusate of tips The manipulations are done m the 
dark room at 22 0-22 5°C , the illummation used commg from a very dim red hght 
of lower spectral lunit 635 m/r Extractions from tips by diffusion and experiments 
are done m a chamber the atmosphere of which is nearly saturated m water vapor 
Flam agar blocks without diffusate fail to produce any effect on roots A more 
complete account of certam aspects of technique will be given m a subsequent 
paper 
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blocks 1 nun x 1 nun x t 2 mm , on which tips of coleoptiles of Zm 
hid been placed for 60 minutes, were dinded in tno halves one 
served to determine the quantity of diffusate from the tip, bj plaang 
It on a prepared coleoptde of Avcita and measuring the angle of deflec 
tion after 60 mmutes, the other half was applied at the tip of a decapi- 
tated root The time curve of elongation of a Luptnus root so treated 
shows perfect parallelism with Curve C of Fig 1, lending support to 
the idea that the growth promoting substance as extracted by this 
process is really responsible for the observed effect 

Further proof is lent by an experiment invohung the use of agar 
blocks previouslv in contact with 2, 3, or 4 coleoptde tips In such 
a case we get a definite mcrease of inhibition of elongation when we 
increase the amount of growth substance provided for the reaction 
(Fig 1, Curve D) ’ 

IV 

The inhibition of elongation of a root b> stem tip can best be proved 
if we provide the same root at regular intervals of tune with agar 
blocks containing increasing amounts of growth substance from 
coleoptde tips Fig 1, Curve O, demonstrates this effect 

Another nay of demonstrating this point is to place the block of 
agar in an eccentrical position, determining thus an inequal distnbu 
tion of growth substance in the tissues In such a case, a definite 
curvature occurs louards the side where the agar block is placed One 
remembers that in the case of a decapititcd coleoptde the same block 
of agar induces a curvature towards the opposite side One can also 
place sjunmetncally on either side of a decapitated root two blocks of 
agar of the same dimensions, separated from one another by a small 
gap, one of the blocks having been in contact with two or three tips 
of coleoptde, the other containing only the diffusate of a single tip In 
such case, the shape of the root after 3 to S hours of contact is definitelj 

^ This result 13 m opposition with the observation of Cho!odn> (1926) who 
worked with hollowed-out stems of Lupinus aii^ttslifoUum The difTerence be 
tween Cholodnv s results and ours ma> be ascribed to the tipe of contact prevalent 
m each case a more or less loose contact between tips and receptive tissue in 
Cholodnj s experiments a rather perfect contact between agar block and cut 
sceuon m our experiments Vloreover the hollowing out of a stem is a more 
drastic treatment than the removal of the tip 
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indicative of the stronger inhibition induced by the agar block contam- 
ing the diffusate of two or three tips 
Some vanation in the experimental results had been noticed which 
could only be traced to accidental shift in the position of the tips It 
led us to investigate the independent reaction m growth of decapitated 
roots tipped with tips stimulated by gravity For these expenments 
the Zea coleoptile tips were cut at about 2 5 mm from the end and 
were used after definite penods dunng which they were placed hori- 
zontally in Petri dishes with their cut surfaces m contact with agar 
blocks Such agar blocks were then divided into two halves corre- 



Fig 2 A decapitated root of Lupinus elongating {a) at constant rate is provided 
{b) with the diffusate of the upper half of a horizontally placed coleoptile tip of 
Zea, in c the diffusate of the lower half is substituted 

spondmg to the upper and lower halves of the horizontally placed tips 
Each half-block was brought to act successively on the same decapi- 
tated root of Luptmis In Fig 2 the effect obtained by each block is 
visible the one corresponding to the lower half has a much greater 
mhibiting effect on the elongation curve than the tapper one 

In the case where each block of agar was placed so as to cover only 
one half of the cross-section, the deflection of the tip is also definitely 
more pronounced where the lower half block has been used, corre- 
spondmg therefore to a more pronounced inhibition of growth on that 
side 

These expenments support the idea that there is one “growth- 
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promoting substance” originating m growing tips of root or coleoptile, 
whose action on decapitated roots results in a low cr rate of elongation 
although the diffusate of the coleoptile accelerates the rate of elonga- 
tion of the decapitated coleoptile Experiments have been made with 
smaller amounts of growth substance from coleoptile tips, as deter- 
mmed by shorter duration of contact of decapitated tip and agar 
block The mhibition is very definitely less for 30 minutes’ contact, 
some expenments may even point to a slight acceleration for 10 mm 
utes’ contact, although we shall not stress this point before further 
expenmentation is done 


SUMMARY 

The vertical elongation of normal roots of Ltipmis seedhngs pro 
ceeds at constant rate over periods of 4 to S hours 
The decapitation of a root stops its elongation for a variable length of 
time, followed by a period of renewed elongation at a rate lower than 
that of the normal root 

The tipping of the decapitated root with a tip of a coleoptile of Zca 
mduces a decrease m the rate of elongation of the root 
The same effect can be obtamcd with the diffusate from tips of 
coleoptile of A eua and to a lesser extent with diffusate of root tips 
The reduction in the rate of elongation of the root detetmmed by 
diffusate from tbe lower halt of the tip of a coleoptile placed horizon 
tally IS more pronounced than the inhibition ehated by the diffusate 
of the upper half of the same tip 

Vanous expenments wath the diffusate of tips support the idea that 
under the conditions used the growth promoting substance of the 
coleoptile tip or root tip inhibits the elongation of the decapitated root 
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AN ATTEMPT AT PEPTIC SYNTHESIS OF INSULIN 
By a JL fisher AM) D a SCOTT 

(From the Connaught Laboratories, Vmversity oj Toronto, Toronto, Canada) 
(Accepted for publication, February 27, 1933) 

From the results of numerous ejtpcnments published on the chemis- 
try of msulin, it seems that this hormone is a protem has mg a definite 
crystalline form (1, 2) and a molecular n eight of approximately 3S,000 
(3) Whether the physiological activity is a property of the nhole 
protein or of one or more constituent groups, has not, as yet, been 
determmed If it is a property of the whole protein, the possibility 
of synthesis by chemical means would appear to be somewhat remote 
However, there are records in the literature of the synthesis of a protein 
by other means Using pepsm, Wasteneys and Borsook (4) have 
shown that it is possible to synthesise a protein like substance (plas 
tern) from the products of pepUc hj drolysis of egg albumin t\Ticther 
their method when applied to peptic digests of insulin nould produce 
a protem hke substance, with or without physiological activity, seemed 
worthy of investigation If a plastein was formed dunng synthesis it 
seemed reasonable to expect that it might be physiologically active 
for vanous reasons In the first place, insulin, presumably, is s>’nthe 
Eised in the body by some enzyme or system of cnzjmes Secondly, 
Beard (S) showed that the plastem obtained in the albumin expen 
ments exhibited a stnking resemblance to the original albumin m that 
the plastem possessed a similar nutritional value Finally, the possi 
biUty of foreign substances taking part m the synthesis of plastem from 
an insuhn digest nas greatlj reduced by the use of crj^tallme insulin 
and crystalline pepsin 

Vanous workers have reported the results of investigations on the 
hydrol>'Sis of insuhn with pepsin Dudley (6), and later Witzemann 
and Livshis (7), showed that pepsm destroj's amorphous insulin 
Qiarles and Scott (8), usmg crystalline insuhn, showed that the 
destruction of the potency of the insulin proceeds at a much greater 
741 
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rate than does the hydrolysis of the protein In their expenments they 
found that when 50 per cent of the protein had been hydrolysed, over 
90 per cent of the potency had been destroyed, and concluded that 
pepsin does not break down crystalline insulin into a simpler, physio- 
logically active substance More recently, this work has been con- 
firmed by Freudenberg et al (9) 

The primary object of the present research has been to study the 
synthetic action of pepsm in peptic digests of msuhn However, 
since only small quantities of msuhn were available, it was considered 
advisable to mvestigate the possibihty of repeatmg the expenments of 
Wasteneys and Borsook with egg albumm, using quantities of the 
order of 1 gm Moreover, it was essential to ehmmate any procedure 
used m their expenments which would inactivate msuhn, such as 
heatmg at 100°C Since the synthetic action of crystalhne pepsm on 
the products of peptic hydrolysis of egg albumm has not been reported 
previously, we are recording our findings in the present paper 

EXPERIMENTAL 

In general, the procedure used for the h3'drolysis and the subsequent synthesis 
of the protem has been that described bj”- Wastenej^s and Borsook The digestion 
mixture, consistmg of msuhn or albumm, m approximately 3 per cent solution 
together with the pepsm, nns adjusted to pH 1 7 with hjdrochloric acid This was 
mcubated at 37°C for a penod varjong from 2 hours to 4 days, dependmg upon the 
particular experiment Samples were then removed to determme the extent of 
h5’^drolysis, and m the case of msuhn, for biological assay For these tests, it has 
been our practice to remove five 0 1 cc samples and dilute them m thefoUowmg 
manner The first sample vns diluted with cold isotonic sahne, pH 2 5, and the 
second vnth cold isotonic sahne, pH 8 In order to destroj'’ the en^me, the third 
and fourth samples were added to hot (80°C ) acidic and alLahne sahne respec- 
tivelj% and after remammg at this temperature for 5 mmutes, were cooled to 37°C 
The fifth sample tos added to 5 cc of a saturated solution of benzoic acid m ethyl 
alcohol About 10 mmutes after the addition of this sample, the alcohol was 
evaporated bj’- beating to 90°C for about 30 mmutes The msuhn was extracted 
from the residue by shakmg mth acid water and ether It has been shomi that 
this procedure will remove msuhn from a physiologically mactive msulm-tiypsm 
complex (10) Immediately after the preparation of each sample, it vas assaj'^ed 
biologicallj’’, usmg mice (1 1) The dilutions used were calculated on the supposi- 
tion that 98 per cent of the potency had been destro^^ed durmg hj^drolysis The 
remamder of the digest was adjusted to pH 4 0 with normal sodium hydroxide and 
concentrated either by distillation under reduced pressure or by complete removal 
of the water bj' sublimation vi vacuo over concentrated sulfuric acid When the 
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latter method w'as used, the solutions \\ere first frozen b> means of solid carbon 
dioxide The flask used in the concentration of the digest and the subsequent 
s>'nthesis vras a 200 cc. distillmg flask unth a small pomtcd tube graduated atO 6, 
1 25 and 2 5 cc. sealed to the bottom When the solutions were concentrated b> 
distillation, air was admitted slowly b> means of a capillarj tube reaching to the 
bottom of the small tube This was of assistance m preventmg bumping After 
concentration, an aqueous solution of pepsin was added and then water to make a 
final volume of 0 6 125 or 2 See depending upon the amount of protem used for 
the experiment This produced a thick suspension After the addition of 3 small 
drops of chloroform as a preserv’ativc themLTturewasincubatedat 37“C forabout 
4 days At the end of this time, water was added to make the volume the same 
as it had been before the solution was adjusted to pH 4 0 Most of the suspended 
material remamed undissolved (12) (Howe\er if a sample was centrifuged, the 
addibon of 10 per cent trichloracetic nad to the clear supernatant to make a final 
concentration of 3 3 per cent produced a distinct precipitate ) lmmcdiatcl> after 
dilution, samples were rcmo\ed from the mixture for the estimation of the total 
and the non protem nitrogen, and, m the case of msulm cxpenmcnls for fi%c 
potenc> tests by the methods already described 
In tins research, all determinations of pH were made colonmctiicaU> It was 
necessary to use this method since the \‘olume of the digest during synthesis was 
small The acidity wtis alwaj-s checked immcdiateh before incubation 
The criterion for the s\'n thesis of plastem has been a decrease m the non protem 
nitrogen during mcubation at pH 4 0 In the samples which were removed to 
determine the non protem nitrogen, the protem was precipitated b> the addition 
of sufficient 10 per cent tnchlomcetic aad to make a final concentration of 3 3 
per cent Wastencys and Borsook used a final concentration of 2 0 per cent 
tnchloracclic acid to precipitate the protem, but it was found both m the present 
research and m previous work (8) that this concentration docs not ensure complete 
precipitation of msulm Consequentlj a final concentration of 3 3 per cent 
tnchloracetic acid has been used m all our experiments After standing for 1 
hour at room temperature the mixture was ccnlnfugcd and the non protem 
nitrogen determined m duplicate b\ the micro Kjcldahl method of Prcgl In 
the tables the figures listed are for the nitrogen from albumm or from msubn 
onl> The pepsm nitrogen has been subtracted from the non protem nitro- 
gen fraction, smee pepsm is not precipitated under these conditions In some 
experiments, the precipitated protem was washed with 3 J per cent tnchloracetic 
aad, dissolved m normal sodium hidroxide and the nitrogen estimated In all 
experiments a record of the samples rcmoNcd for nitrogen dctemunations and for 
biological assa> was kept The nitrogen contamed m the<c samples has been 
calculated and the proper corrections made m the tables Inaccordancc with the 
method adopted bv ^\astcne^s and Borsook the per cent sjmthcsis has been 
expressed as the ratio of the pbstem nitrogen to the total nitrogen after s} nthcsis 
In a later section of the present paper, It Is shown that the N-aluc of the non protem 
nitrogen after h\droUsis or BNTitbesis can be determined more accuratcl\ ikan 



744 


ATTEMPT AT PEPTIC SYNTHESIS OF INSULIN 


the protein or the total nitrogen Therefore, the values for the plastem nitrogen 
have been obtained by subtracting the non-protein nitrogen after incubation at pH 
4 0 from the non-protem nitrogen after hydrolysis 

The crystalline pepsin prepared m these Laboratones was obtamed from Parke, 
Davis and Company pepsm (1 10,000) by the method of Northrop (13) Al- 
though the product thus formed was crystalhne m nature and was much more 
active than the amorphous pepsm, yet the ciystals, when viewed imder the micro- 
scope, appeared to be mostly sphencal m shape and lacked a definite ciystallme 
form In view of this, it was not certam that the pepsm had been obtamed m the 
most highly purified form However, on comparmg our matenal with a sample 
of crystalhne pepsm kmdly supphed us by Dr Northrop, it was found that the 
activity of the two samples was the same This was done by deter min ing the rate 
of formation of non-protem nitrogen m a casern solution after digestion with pepsm 
for 1 hour at 37°C (14) Usmg the edestm method of Fuld, the samples of 
crystallme pepsm were found to possess the same degree of activity, though much 
higher results were obtamed by this method than by the previous one 

In the albumm experiments, Merck’s egg albumm was used The amorphous 
msuhn was prepared m these Laboratories by a method already descnbed (IS), and 
contained 1 5 umts per mg The crystallme msulm was prepared from this material 
It was recrystalhsed several times from a phosphate buffer solution and had a 
potency of 25 units per mg 

The exact experimental data for the individual experiments are given 
below The object of the first experiment was to determine the possi- 
bihty of demonstrating synthesis of plastem when a small quantity of 
albumin was used Furthermore, it was necessary to modify the 
procedure of Wasteneys and Borsook m order that it could be applied 
to experiments with msuhn 

Experiment 1 Albumin-Amorphous Pepsin — To 1 00 gm of egg albumm m 
35 0 cc of water at pH 1 9, were added 75 mg of amorphous pepsm (Parke, Davis 
and Company 1 10,000) and 3 drops of chloroform After standmg at 37°C for 
70 hours, samples were removed for the determmation of the total, the protem, and 
the non-protem nitrogen The rest of the solution was adjusted to pH 4 2 with 
1 6 cc of normal sodium hydroxide and the material concentrated by distillation 
under reduced pressure to about 2 5 cc The time of distillation was 2 hours 
The temperature durmg concentration was not above 40°C , most of the matenal 
distilhng at 3 7°C After addmg 0 2 cc of a solution contammg 44 mg of amorphous 
pepsm and then 3 drops of chloroform, the mixture was set at 37°C for 69 hours 
Water was then added until the volume was the same as that before adjustmg to 
pH 4 Immediately, samples of the mixture were removed and the total and non- 
protem nitrogen estimated on these The results of this experiment are shown m 
Table I 
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From this experiment, it is evident that it is possible to demonstrate 
synthesis of plastein m a digest obtained from a small quantit> of 
albumin Accordingly , the work was contmued, using similar quanti- 
ties of insulin 


TABLE I 


Total nitrogen after hydrolysis mg 

130 

Non protem nitrogen after hydrolysis, mg 

124 

Hy drolysis per cent 

9S 

Total nitrogen after synthesis mg 

114 

Non protein nitrogen after synthesis mg 

87 

Plastein nitrogen mg 

37 

Synthesis Per cent (ratio plastem N/total N) 

32 


Expcnmctit 2 Amorphous Insuhn Amorphous Ptpsxn — A solution of 1 00 gm, 
of amorphous msulm m 35 0 cc of water at pH I 8 was prepared To this were 
added 75 mg of amorphous pepsin and 4 drops of chloroform. After standing at 
37*0 for 50 hours thesolution was remo\ed from the incubator, since hydrolysis 
seemed almost complete Fi\e samples were immediately remo\ed for biological 
assay anddilutedmthemannerpreviouslydcscribed Thelcstsshowedthatmore 
than 99 per cent of the potency had been destroy cd Othersampleswcrercmo\ed 
from the digestion mixture and the total and the non protem nitrogen estimated 
The rest of the solution was adjusted to pH 4 0 with normal sodium hy droxidc and 
concentrated under reduced pressure to 2 6 cc The temperature durmg distilla 


TABLE II 


Total nitrogen after hydrolysis wj 

137 

Non protem nitrogen after hydrolysis mg 

138 

Hydroly’sis per cent 

100 

Total nitrogen after symlhesis mg 

no 

Non protem nitrogen after synthesis mg 

82 

Plastem lutrogcn mg 

56 

Synthesis Per cent (ratio plastem N/total N) 

55 


tionwas23*C 5 drops of amyl alcohol were added to mhibit frothing The tunc 
of concentration was 4 hours After the addition of 0 2 cc of a solution containing 
44 mg ofamorphouspepsmandddropsof chloroform, the mixture was set at 30*C 
for 70 hours Then it was diluted to 350 cc. and five samples were rcmo>ed 
Immediately for biological assa\ These solutions wxre diluted in the usual 
manner to detect a recovery of 2 per cent of the potency The tests showed no 
indication of physiological actmty Other samples of the mixture wcrtTcmojcd 
for nitrogen determinations The experimental results arc 
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Since the msulm-plastein obtained in the above experiment was 
physiologically mactive, it was thought that this might be due to the 
fact that hydrolysis had progressed too far Accordmgly, it was 
decided to attempt to recover the potency using a digest m which 
hydrolysis had been stopped when the physiological activity had just 
been destro3"ed and when only about 50 per cent of the protem had 
been digested 

Experiment 3 Amorphous Insulin-Amorphous Pepsin — A solution of 1 00 gm 
of amorplious insulin in 35 0 cc of water at pH 1 8 was prepared To this, 75 mg 
of amorphous pepsm were added and the solution mcubated at 37°C for 3 hours 
Then samples were removed, diluted, and tested for physiological activity These 
tests showed that more than 99 per cent of the potency had been destroyed After 
removmg 3 0 cc for the total and the non-protem nitrogen determmations, the rest 


TABLE ni 


Total nitrogen after hydrolysis, mg 

139 

Non-protem mtrogen after hydrolysis, mg 

72 

Hydrobais, per cent 

52 

Total nitrogen after s 3 Tithesis, mg 

139 

Non-protem mtrogen after synthesis, mg 

57 

Plastem nitrogen, mg 

15 

S 3 T 1 thesis, per cent (ratio plastem N/ total N) 

11 


of the solution was adjusted to pH 7 0 with normal sodium h 3 ’’dro\ide m order to 
mmimize the possibility of further hydrolysis takmg place m the dilute solution 
durmg the first stages of concentration Attempts to concentrate this matenal 
by distillation under reduced pressure were not successful due to persistent frothmg 
The addition of amjd alcohol did not overcome this difficulty Accordmgly, the 
mixture was frozen with sohd carbon dioxide and placed in vacuo over concentrated 
sulfunc acid At the end of 8 hours, the matenal m the flask was dr)'' A small 
amount of water was added to the powder and the mixture adjusted to pH 4 0 
After the addition of 0 2 cc of a solution contaimng 44 mg of amorphous pepsm, 
the volume was about 3 cc 2 drops of chloroform ware added and the mixture 
mcubated at 31°C for 110 hours It was then diluted and five samples were 
immediately removed and assa 3 ad biologically, assummg a recovery of 2 per cent 
of the ongmal potenc 3 These tests showed no mdication of the msuhn-plastem 
possessmg ph 3 ’-siological activity Samples of the mixture were also removed for 
mtrogen determmations The values obtamed m this experiment are given m 
Table HI 





A M FISHER AND D A SCOTX 


747 


It seemed probable that the failure to obtain any physiological 
activity in the insuhn plastem synthesised in the above experiments 
might be due to the presence of foreign substances in the amorphous 
insulin and amorphous pepsm The possibihty of such impurities 
taking part m synthesis to form a physiologically inacti\e plastcin, 
did not seem too remote for consideration This diC&cult> could be 
overcome by the use of crystallme msuhn and cr>stalhne pepsin 
However, since the synthetic action of crystalhnc pepsin on a protein 
digest had not previously been investigated, an expenment with egg 
albumin was first conducted This expenment is reported below 

LxpeTimtnl 4 Albumin^rytlalltne Pepsin — ^To 1 00 gm of egg albumin In 
34 0 cc. of water at pH 1 9 were added 1 0 cc of a solution contaming 39 mg of 
crystallme pepsm, and 3 drops of chloroform After standing at 37 C for 67 


TABLE I\' 


Total nitrogen after hydrolysis mg 

128 

Noq protein nitrogen after b>droIysis mg 

122 

H>droly8is, per eent 

95 

Total nitrogen after synthesis mg 

107 

Ts on protein nitrogen after 8j nthesis mg 

84 

Plastem nitrogen, mg 

Synthesis per cent (ratio plastem N/total N) 

1 38 

35 


hours samples were removed for nitrogen determinations and the rest of the solu 
Uon was adjusted to pH 4 The mucturc >vas froren uith solid carbon dioxide and 
concentrated by sublimaUon v<scuo (m 4 hours) as m the former experiment. 
Then 0 35 cc of a solution contammg 13 6 mg of cr>'stallmc pepsm and ^•atcr 
sufficient to make a volume of 2 5 cc. were added and the mixture meubated at 
3i C forll3hours The mixture n-as then diluted and samples were removed for 
nitrogen determinations The results of this experiment arc given in Tabic IV 

From the above expenment, it is cvndcnt that crystalline pepsm can 
be used to synthesise plastem from h> drolv'scd egg albumin Accord 
mgly, it was decided to carry out an experiment using crystalline 
insulin and cr>stallme pepsin 

Expenmenl 5 CrysfcJltne InsuUn-Crystalbne Pcpsin —To 250 mg of cr>‘4talUnc 
Insulin m 8 6 cc, of water at pH I 9 was added 0 13 cc, of a solution contaming 5 I 
mg of ay’stallme pepsm This solution was mcubalcd at 37 C for 2 hours Five 





748 


ATTEMPT AT PEPTIC SYNTHESIS OF INSULIN 


samples were then removed for biological assay These tests showed that more 
than 99 per cent of the potency had been destroyed Other samples were removed 
to determme the total and non-protem nitrogen The remammg digest was ad- 
justed to pH 4 0, frozen with sohd carbon dioxide, and set in vacuo over concen- 
trated sulfuric acid for 19 hours To the dry powder was added 0 075 cc of a 
solution containmg 2 9 mg of crystallme pepsm and the volume was made up to 
0 6 cc The mixture was mcubated at 37°C for 83 hours Then 8 0 cc of water 
were added and five samples were immediately removed for biological assay 
These samples were diluted to detect a recovery of 1 per cent of the origmal potency 
The tests showed that the material was physiologically mactive Samples were 
also removed to determme the total and non-protem nitrogen The results are 
listed m Table V 

Several attempts were made to crystallise the msuhn-plastem, using methods 
which were suitable for crystalhsmg msuhn (2, 16) No crystals were formed m 
these experiments 


TABLE V 


Total nitrogen after hydrolysis, mg 

35 

Non-protem nitrogen after hydrolysis, mg 

18 

Hydrolysis, per cent 

51 

Total nitrogen after synthesis, mg 

32 

Non-protem nitrogen after synthesis, mg 

14 

Plastem nitrogen, mg 

4 

Synthesis, per cent (ratio plastem N/total N) 

12 


To confirm the results shown m Tables IV and V the expenments 
with albumin and with crystalline msuhn were repeated, using crystal- 
hne pepsm prepared by Northrop 

Experiment 6 Albumin-Crystalline Pepsin (Northrop) — To 0 500 gm of egg 
albumin m 16 7 cc of water, at pH 1 7, were added 0 8 cc of a solution contaming 
13 mg of crystaUine pepsm prepared by Northrop, and 3 drops of chloroform 
After incubation at 37‘’C for 47 hours, samples of the digest were removed to 
determme the total and the non-protem nitrogen The remainder of the solution 
was adjusted to pH 4 2, frozen with solid carbon dioxide, and set in vacuo over 
concentrated sulfuric acid for 16 hours At the end of this time, the material was 
drj" To this, 0 5 cc of a solution contammg 8 2 mg of crystallme pepsm (North- 
rop) was added The volume was made up to 1 25 cc with water and 3 small drops 
of chloroform added After mcubation at 37°C for 72 hours, the mixture was di- 
luted and samples were immediately removed for the determmation of the total and 
the non-protem nitrogen The results of this experiment are shown m Table VI 
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Experiment 7 CrystaJhne Insttlin-Crystallttte Pepsin (A orthrop) -—To 0 SOO gm 
of crystalline insulin dissolved m 16 7 cc of vrater at pH 1 8 v.’as added 0 8 cc. of a 
solution conlammg 13 mg of crystalline pepsin (Northrop) After incubation at 
37®C for 2 hours, five 0 1 cc samples were removed for biological as5a> These 
tests showed that more than 99 per cent of the activity had been destroy cd Other 
samples were removed to detenmne the total and the non protein nitrogen The 
rest of the solution was adjusted to pH 4 0 with normal sodium hvdroxide frozen 
m sohd carbon dioxide, and set *« vaato over concentrated sulfunc acid for 16 
hours Then 0 5 cc. of a solution contaming 8 2 mg of cry'stalline pepsin (North 
rop) and sufficient water to make a final volume of 1 7 cc were added After the 
addition of 2 small drops of chloroform the mixture was set at 37 C for 99 hours 


TABLE VI 


Total nitrogen alter hydrolysis | 

62 

Non proton nitrogen after hydrolysis mg 

64 

Hydrolysis per cent 1 

100 

Total nitrogen after synthesis mg 

ss 

Non proton nitrogen after synthesU, mg 

41 

Pla&lcm nitrogen tnj 

; 23 

Synthesis per cent (raUo plasleio N/total N) 

40 


TABLE Vn 


Total nitrogen after hydrolysis mg 

70 

Non proton nitrogen after hydrolysis mg 

33 

Hydrolysis per cert 

46 

Total nitrogen after synthesis mg 

72 

Non proton mitogen after synthesis mg 

25 

riostem nitrogen, mg 

8 

Synthesis per cent (ratio plastcin N/tolal N) 

11 


Then it was diluted and samples were immediately remo\ cd for nitrogen dctermina 
tions and for biological assay The latter samples were further diluted as pre\i 
oush described and when tested to detect a rccoxcry of 1 per cent of the onginal 
potency , showed no cMdencc of physiological activity The nitrogen values arc 
shown mTable^^l Further attempts were made m this experiment to cry'stallisc 
the synthesised material but no cry'stab wem formed 

It was considered advusablc to inxestigatc the cftcct on the potency 
of insulin of certain conditions used in the previous expcrunenls during 
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the concentration and synthesis of the digest If these conditions 
destroyed the activity of insulin, it did not seem reasonable to expect 
that the msuhn-plastem would be physiologically active These 
experiments are reported below 

Effect of Extreme Cold on the Activity of Insulin — Since sublimation of solutions 
frozen with sohd carbon dioxide offered an excellent means of concentratmg the 
protem digests preparatory to synthesis, it seemed advisable to mvestigate the 
effect of extreme cold on the potency of msuhn Two solutions were prepared 
(a) IS mg of amorphous msuhn dissolved m 5 cc of water at pH 1 9, (6) IS mg of 
amorphous msuhn dissolved m 4 0 cc of denatured ethyl alcohol acidified with 1 0 
cc of 0 07 normal hydrochlonc acid These solutions were alternately frozen m 
sohd carbon dioxide and melted This process was repeated nme tunes, the total 
tune m the carbon dioxide bemg 12 hours The solutions were then suitably 
diluted and biologically assayed These tests showed that no potency had been 
destroyed by this treatment 

Effect of Pepsin on Insulin at pH 4 0 — ^It is well known that the potency of 
msuhn is destroyed by pepsm at pH 1 8, but the effect of the enzyme on the physio- 
logical activity at pH 4 0, that used durmg synthesis m these experiments, was 
problematic Accordmgly, experiments were conducted with msuhn and pepsm 
at pH 4 0 at dilutions comparable with those used durmg hydrolysis and synthesis 
These experiments were earned out m the followmg manner 

SO mg of amorphous msuhn were mixed with 3 7 mg of amorphous pepsm m 
0 2 cc of n/ 10,000 hydrochloric acid After mcubation at 37°C for 50 hours, 25 
cc of water were added The acidity was then pH 5 0 The mixture was diluted 
with isotonic salme, pH 8 0 A biological assay showed that there had been no 
appreaable loss of potency durmg the experiment The work was repeated and 
the above results were confirmed 

The action of pepsm on msuhn in more dilute solutions at pH 4 0 was next 
mvestigated To 10 mg of msuhn dissolved m acid water at pH 2 5, 0 5 mg of 
pepsm was added The solution was then immediately adjusted to pH 4 2 The 
final volume was 4 7 cc After mcubation at 37°C for 4 days, the solution was 
suitably diluted with isotomc salme, pH 8 0, and assayed biologically These 
tests showed that not more than 10 per cent of the activity had been lost durmg 
the experiment 

Previous mvestigators have shown that when a smtable amount of trypsm is 
added to msuhn, a physiologically mactive msulm-tiyTism complex is formed imme- 
diately (17) Smee a similar adsorption phenomenon might occur m the present 
msuhn-pepsm experiments, this possibihty was investigated Accordmgly, 20 
mg of msuhn were dissolved in 0 2 cc of acid water at pH 2 0 To this were 
added 1 5 mg of pepsm m 0 5 cc of acid water, at pH 2 0 The solution was 
shaken and immediately smtably diluted with isotonic salme, pH 8 0 A biological 
assay show ed no loss of potencj" 
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DISCUSSION 

From the results of Experiment 1, it is evident that sjmthesis of 
plastein from a peptic digest of albumin can be demonstrated aith 
quantities of matenals suflSnently small to permit a simdar mvestiga 
tion of insulin Further, the procedure employed was suitable for 
similar experiments with insulin The synthesis of the albumin 
plastein was obtained by means of amorphous pepsin In Expen 
ments 4 and 6, an attempt was made to synthesise plastein from albu- 
min digests by means of crystalline pepsin From thc^ults of these 
investigations, as shown m Tables FV and VI, it is cxadent that 
crystalhne pepsin sjnthesises plastein from alburmn digests equally 
as well as amorphous pepsin 

In Experiment 2, the synthetic action of amorphous pcpsm on a 
peptic digest of amorphous msulm, was investigated The results of 
this expenment are tabulated m Table II They show that 55 per 
cent of the protein digest was converted into insulin plastcm Five 
different samples of this synthesised matenal were prepared and 
tested for phj’siological activ it> No potency, howev er, was detected 
m any of these tests It was thought that the fadure to recover any 
physiological activity might be due to the fact that digestion m this 
expenment had gone to completion, and that the possibility of recover 
mg the activity would be greater if the hy drolysis was stopped when 
the potency had just disappeared F rom previous experiments, it w as 
known that this occurred when approximately SO per cent of the 
protein was hydrolysed Accordingly, in Expenment 3, amorphous 
insulin was digested until 52 per cent of the protein had been hydro 
lysed A biological assay at this time, showed that more than 99 
per cent of the activaty had been destroyed A small amount of 
insuhn plastein was synthesised from this digest, as is shown m Table 
HI This matenal, however, when suitably diluted, showed no 
physiological activity Since great difficulty was encountered dunng 
concentration by distdlation under reduced pressure due to persistent 
frothmg, It was found necessary to concentrate the matenal by other 
means This was done by frecang the mixture with solid carbon 
dioxide and standmg it in -aciio over concentrated sulfunc aad for a 
few hours until a dry powder was obtained Since this method was 
also used m Expenments 4 and 0 with egg albumin, it is evndcnt that 
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it does not inhibit synthesis It was also shown, in other expenments, 
that the extreme cold used to freeze the mixture does not destroy the 
physiological activity of insulin since solutions of insuhn were alter- 
nately frozen with sohd carbon dioxide and melted nme times without 
loss of potency The success of this method of concentration justified 
its use m all subsequent work 

In view of the fact that Wasteneys and Borsook (18) foimd that aU 
fractions of the hydrolysed digest contnbuted to the formation of 
plastem, it seemed probable that the impurities present in the amor- 
phous msulm and the amorphous pepsin rmght have been responsible 
for the msuhn-plastem m Expenments 2 and 3 bemg physiologically 
mactive Since both msulm and pepsin are now available m crystal- 
hne form, it was decided to repeat the work using these substances and 
thus avoid this objection to the former insuhn expenments These 
expenments, Nos 5 and 7, have been descnbed, and the results 
obtained are shown in Tables V and VII In both expenments, 
msuhn-plastem was synthesised This matenal, however, was 
physiologically mactive 

In the present mvestigation httle work has been done on the insulm- 
plastein, however, certain observations were made The plastem was 
soluble m dilute acid and dilute alkah It had an isoelectnc pomt 
at approximately pH 5 0, and m this respect was smular to amorphous 
msuhn Attempts were made to crystalhse the msuhn-plastem 
obtamed from digests of crystalhne msuhn but no crystals were formed 
by methods which were suitable for crystalhsmg insulin 

In certain expenments, the tables show a decrease m the total nitro- 
gen after synthesis This is particularly evident in expenments in 
which concentration was effected by distfflation under reduced pres- 
sure This shortage m mtrogen cannot be attnbuted to removal of 
matenal m the distillate, smce the nitrogen there was estimated and 
found to be neghgible Owmg to frothmg and bumping durmg the 
later stages of concentration, considerable matenal was deposited on 
the mside of the flask In certain experiments, it was dissolved m 
normal sodium hydroxide and the mtrogen estimated It was foimd 
to contain approximately the correct amount of nitrogen to account 
for the shortage This matenal is, presumably, non-hydrolysed pro- 
tem or synthesised plastem smce subsequent dilution and washing 
with water failed to remove it For this reason, the value for the 
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plastein nitrogen in the previous e-rpemnents has been obtained bj 
subtracting the non protein nitrogen after incubation at pH 4 0 from 
the non protein mtrogen after hydrolysis All nitrogen determina 
tions have been made m duphcate Most of the v alucs agreed inthm 
1 per cent and none of them differed by more than 2 per cent In 
some cases, duphcate samples of the digest were removed and a smular 
degree of accuracy was obtained 

The extent of synthesis obtamed in the various experiments is sum 
mansed m Table 'VIU The values given were detennmed, as m 
the experiments of Wasteneys and Borsook, from the ratio of the 
plastem mtrogen to the total mtrogen after sjaithesis However, 
since hjdrolysis in the different experiments was earned to wadelj 


TABLE vrn 



Eip t ' 

Eip 2 

Eip 3 

Exp 4 

Exp 5 

Exp 6 

Env 7 


ftt ttnt 

ftt tint 

trram 

fftttni 


ptTttni 

ptftna 

Hydrolysis 

95 

100 

52 

95 

51 

100 

46 

Phstcia N 









32 

55 

11 

35 

12 

40 

a 

Total N after synthesis 








Plastem N 

1 30 

40 

21 

31 

22 

3S 

' 24 

before synthesis 









•Non protein mtrogen 


different degrees, as is apparent from Table \TII, and since the 
amount of plastem synthesised is partly dependent upon the non 
protein nitrogen present, this method of estimation does not afford 
a true companson of the insuhn expenments w ith those of albumin 
Therefore, it was thought that a better expression of the degree of 
sjmthesis would be obtained if the results were expressed as the ratio 
of the plastem nitrogen to the non protein mtrogen before synthesis 
This also avoids the use of the value determined for the total nitrogen, 
which, as has already been showm, is subject to a percentage error in 
certam experiments The results calculated in this manner are also 
giv en in Table VHi 

Trom Table VIH it is evident that the degree of s>Tithe5i5 obtained 
in the experiments wath egg albumin is of the same order as that 
obtained bj Wasteneys and Borsook In Experiment 2, in w hich the 
amorphous insulin was completely hjdrolj'sed, a shghtl> greater 
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amount of plastem was obtamed than m the albumm experiments In 
other msulm experiments (Nos 3, 5, and 7) a much smaller percentage 
of s}Tithesis took place This was to be expected smce only about 50 
per cent of the msuhn protein had been hydrolysed 

The failure to obtain any physiological activity with the synthesised 
plastem in any of the msuhn experiments, cannot be attnbuted to the 
small amount of plastem formed m certain expenments, smce the 
dilutions used m the biological assay were always such that any signifi- 
cant mcrease m physiological activity dunng synthesis could be 
detected Nor can it be ascnbed to an inactive msuhn-pepsm adsorp- 
tion complex, smce it was possible to mix msuhn and pepsin m the same 
ratio as m the above expenments, and then recover the activity of the 
msuhn quantitatively Further, it could not have been due to any 
secondary reaction of the pepsin on the insulm-plastem at pH 4 0, 
smce it was shown that msuhn could be incubated for 4 days with 
pepsm at pH 4 0 without any appreciable loss of activity 

Smce we were primarily concerned m the present investigation with 
attempts to obtam a synthesised physiologically active plastem from 
the products of a peptic digest of msuhn, little work was done on the 
products of hydrolysis or on the undigested fraction of the protein 
Such mvestigations might shed much information on the chemistry 
of msuhn 

Although msulm-plastem may bear a similanty to msuhn protein, 
m respect to complexity, still, there must be some difference between 
these two protems, smce the former is physiologically inactive and 
cannot be crystalhsed by methods used for the crystalhsation of in- 
sulm The present work vath pepsm suggests a similar mvestigation 
usmg trypsm Although the conditions reqmred to demonstrate 
synthesis with this enzyme are not so clearly defined, yet, m view of 
the close association of msuhn and trypsin m the pancreas, more 
mterestmg results might be anticipated 

SUMMARY 

1 Sjmthesis of plastem from the products of peptic hydrolysis of 
small quantities of egg albumin can be demonstrated with amorphous 
or ciystallme pepsm 

2 Sjmthesis of plastem from the products of peptic hydrolysis of 
amorphous or crystallme msuhn can be demonstrated with amoiphous 
or crystallme pepsm 
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3 The plastem synthesised by pepsin from the products of peptic 
hjdrolysis of insuhn is physiologically inactive 

4 The plastem formed m the insulm e'qienments could not be 
crystallised by the methods used for the crystallisation of msuhn 

5 The physiological actinty of msuhn is not destroy ed by repeated 
freezing (at about — 50°C ) and melting of an aqueous or an alcohohe 
solution of this hormone 

6 No marked decrease m the physiological activity of insuhn after 
incubation at 37°C mth pepsin at pH 4 0, in dilute or concentrated 
solutions, was detected 

We wish to express our indebtedness to Professor H Wasteney's for 
his interest m the work, and to Dr John Northrop for a sample of 
crystalline pepsin 
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Several years ago we gave a very bnet descnption of a thermostatcd 
water bath suitable for evpenmental work at temperatures below that 
of the ordinary room as well as abov e 2ft-2S°C It seems now desirable 
to provide a more detailed account of the construction of such units, 
including the results of expenence since 1926 With attention to 
minor details of construction it is now possible to obtain, at tempera 
tures down to O’C , a precision of ± 0 001°C Foote and Akerlof 
(1931) have descnbed a somewhat similar umt, with best regulation to 
within 0 01°C 

The requirements to be met by efficient lower temperature thermo 
stats for our purposes are rather different from those necessitated bj 
many ordmary problems in physical chemistry It is required to mam 
tain a temperature below that of the room for sometimes considerable 
intervals — sev eral davs or weeks, m other cases it may be necessary to 
alter the temperature to a new predetermmed level, which will be held 
preasely, at mtervals of an hour or so Simphaty of construction is 
essential, with interchangeability of parts, when a number of mstalla 
tions are in use The degree of precision attainable should be consid 
erable It is not infrequently supposed that since biological systems 
are intrinsically variable in their performance, quantitativ c measure 
ments are significant only to a degree of exactness permitted by the 
statistical character of the intnnsic, orgamc variation This concep 
tion IS entirely erroneous With utmost possible care directed to the 
reduction of variance due directly to external influences and to fluctua 
tions in such influences, for example in the temperature, it becomes 
possible to investigate the intrinsic variance of performance as a prop 
erty of a given biological system this is done by considering tlie van 
ance as a function of preasely adjustable magnitudes of independent 
757 
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variables (Crozier, 1929) It is impossible to conduct analytical dis- 
section of fluctuations in performance without the most rigidly attain- 
able control of the extra-orgamc variables mvolved m a given ex- 
penment 


Cooling Unit 

For water baths of small volume, an immersible funnel-type coohng imit packed 
with cracked ice has proved handy, efficient, and quite accurate (Stier, 1931) 
Standard eqmpment, which may be used for short time or for long period opera- 
tion, is based upon the use of an SO 2 compressor, or of a compressor using some 
analogous substance The compressor used is usually of the piston type 30-foot 
coils of i mch copper tubmg are fashioned for each thermostatic bath, these coils 
are commonly 7-8 mches outside diameter, and the turns are spaced § inch apart 
to permit good curculation of water The expansion valve above water is attached 
by a length of i mch copper tubmg to the first turn, at the bottom of the coil 
(Rotary type compressors, factory-assembled and sealed, with the commerciall)’^ 
prepared cods permanently attached, have been used for certam installations, m 
this case the shelves for malung ice cubes are removed ) These imits are used for 
larger baths The largest we have used with success contams 55 gallons 

■\\Tien air mcubators are to be used at temperatures below that of the room they 
are most efficiently placed m cold rooms whose temperature is set about 5° below 
the temperature wanted m the mcubator We have also used small commercial 
electrical refrigerators, replacmg the thermostat with our own thermoregulator and 
rela 3 "S The cost is less than that of a laboratory mcubator of simdar size The 
precision of regulation is about ± 0 3°C , even without a circulatmg fan 


Fig 1 Thermoregulator tube and carriage for suspension One side of the U- 
tube IS closed by a stop-cock (5) It communicates with a suction tube (i), with a 
cotton plug as aur filter The lead (4) makes contact through a sealed-m platmum 
wire (6) The connectmg wire (2) is held by a rubber cap (J) The other side of 
the U-tube, bearmg the capillar}'^, is connected with the two other limbs by a solid 
glass cross rod for support The needle (IS) for contact m the capillary is carried 
on a fine screw (IS) provided with a lock nut (IS), the screw works m a brass 
collar (I/) which gnps the upnght tightly, it carries a bmdmg post for the lead 
vure (2) 

The mercury-filled tube is carried m a brass stirrup (P) with a cross member (7), 
the stirrup is of i mch angle-brass, where it makes contact with the glass, sponge 
rubber buffers are mserted (<?, lO) At its upper end the stirrup is borne by 
a cross member to which the stirrup is bolted, the threaded ends of the bolt are 
fitted with cotter pins The cross member is supported by heavy rubber bands 
(13) passmg over rollers (12) There is a second cross piece (IJ) with a central 
hole for attachment to a stand In case of breakmg one or both rubber bands, 
through long use, a cham (14) prevents dropping of the thermoregulator to the 
bottom of the tank 
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Heating Units 

Three convenient methods are available for addmg heat to the thermostatic 
tank (1) current maj'^ be sent through the copper coils of the coohng umt (<^ e g , 
Schmitt and Schmitt, 1932), emplo3Tng a transformer, (2) show-case lamps, 
pamted black, and ordinanl}’’ of 40 watts, (3) knife-t3Tie heaters, of 50 watts, 
for rela}' operation, or of 125 watts if used for higher temperatures 

T hermoregulator 

\^Tien it IS desired to change the temperature at frequent mtervals, as often as 
once ever^"^ hour, an open-end U-t>'pe thermoregulator is used, filled with redistiUed 
mercur3’- The capacity of the standard regulator is 3 7 pounds of mercur^’^ The 
capillary m which contact is made is 0 025 inch bore A stop-cock at one end of the 
U, with a shght enlargement above it, permits easy changmg of the volume of mer- 
cur3^ m the regulator proper A diagram of this regulator, which mcludes ideas 
derived from a number of sources, is given m Fig 1 Chattenng at the relaj^s is 
largety eliminated b3’- a special sprmg suspension supportmg the regulator This 
IS qmte important when the regulator is used to start a J h p motor m the compres- 
sor unit, smce the startmg load is heavy Contact with the mercury is made by 
a Xo 28 platinum wire sharpened to a pomt Tungsten is also satisfactory, but 
the “sensitivity” of constantan seems to vary a good deal. 

WTien it IS desired to mamtam constant temperatures for long penods, weeks or 
months, smgle tube thermoregulators filled at the top with mert gas and com- 
pletety sealed are preferable The difficulty of precisely settmg these regulators 
prohibits rapid work with them 


Stirring Motor 

A satisfactou stirrmg motor for use m a thermoregulated bath must have the 
foUowmg characteristics (1) variable speed, adjusted by rheostat or step trans- 
formers, (2) no “radio mterference,” (3) it should have grease-packed ball beanngs, 
reducmg servicmg, (4) it should be silent m operation, smce the observer’s head 
must frequentl3' be close to it, (5) it must be capable of runmng contmuously for at 
least a 3 ear, (6) low cost 

These specifications are effectively met b3’’ a condenser type motor of 1/20 to 
1/15 h p Both end bells are ventilated, and Bakehte insulation is provided on 
the winng m the motor The shaft of the motor extends 2 mches be3mnd the motor 
housmg A brass couphng with lock screws mutes the shaft to a bronze propeUor 
1 i mches m diameter The propeller blades throw water downward, but the rota- 
tion can be reversed The housmg of the motor is arranged for vertical or hon- 
zontal mountmg The lower end bell has 3 lugs cast upon it, so that the motor 
nia3 be hung from a wall bracket, or from the ceilmg Or the motor ma3’- be 
mounted upon a horizontal support restmg on “hve” rubber A “C” clamp sup- 
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port may be attached to the side of the motor through bolt holes p^c^,^ded m the 
motor casing, and permits attachment to the side of the tank or to a table near the 
tank 

Motor-dnven propellors do not alv.a^s give the most effecti\’c stirrmg for some 
purposes To produce a uniform top to-bottom movement of the liquid in the 
bath vrater may be dravm from the top by a centrifugal pump which returns the 
water to a horizontal brass pipe on the floor of the tank with apertures along its 
length This method of agitation is desirable for long thermostat tanks particu 
larlv if the> carry a projecting shoulder at one side 

Relays 

The weakest link m anv system of thermostatic control of tanks is alwa>-s to be 
found m the relay’s Wc have persistent!} endeavored to keep the relay device as 
uncompheated as possible The general purpose and aim hav ebcen torcduce the 
operating current of the relay to the smallest possible thus reducing oxidation at 
the mercury surface of the regulator Wc have used man} more complicated 
schemes than the one here to be outlined, mduding amplification devices (Beaver 
and Beaver, 1923 Roberts 1925 and others) and Th}ralron valves (c/ Schmitt 
and Schmitt, 1932) 

We have used with good success secondar} rcla}*s of the latch tvpe (operating on 
1 10 volts A c ) actuated b} a pnmar} reb> (operating on 1 ma at 6 volts pc) 
in senes with the thermoregulator The oxidation at the mcrcurv surface in the 
capillary of the thermoregulator is practicall} negligible with such a low operating 
current for the pnmarv reU} Smee the latch tvpc of reh} gives greater pressure 
at its contacts and is more positive and powerful in its action, slicking of the 
contacts (often a senous difliculty when a i h p motor is to be started with an 8 
ampere starting load) iselinunatcd Sticking of re]a> contactscanalsobeavoidcd 
by usmg gas filled mercur} switches, or vacuum contacts which arc actuated b} 
the armature of the relaj Under laboratoT> conditions where a large number of 
rela>s are emplo>ed wc have found these gbss*cncloscd switches to be too fragile 
for general use 

A cheaper relavwhich is also serviceable is casil} made from an ordinarj 20 ohm 
telegraph rcla} , smgle pole double throw t}’pc, operating on 6 wits If used 
durecU} verv considerable aremg is apparent at the mercur} surface In the capfl 
bry of the Ihermoregubtor This is eniirch obvnated b} connecting an additional 
coil of 20 ohms resistance m scries with the cod of the rcbv when the thermo- 
regubtor circuit is made the thermoregubtor mercurv short-circuits the addi 
Uonal coiL Large silver contacts 1 inch in diameter, msubted from each other, 
repbee the standard fixed contacts supplied b} the manufacturer The armature 
carries a solid double-faced carbon contact Tor dependabilitv over long periods 
of time it IS advisable to use a secondarv power reb\ of the double pole single 
throw tvpc operating on 110 volts a C for starling the motor of the compressor 
This combination can be imrehased for about five dolbrs 
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Control Cabinet 

A sheet metal bo’s: vnth removable cover and hmged back has been developed 
as a standard control unit (see Fig 2) It contains the relay mechanism, the rheo- 
stat controlling the speed of the stimng motor, and on the front face a 10 gang ordi- 
nary commercial receptacle set carrymg permanent connections to the units m the 
control cabmet One has then only to plug mto the front panel with standard 
plugs, m order to secure the proper mterconnections In ordmary laboratory opera- 
tion this IS important as avoiding short circuits, as disconnected cords are always 
"dead ” Switches controllmg a c and n c Imes which enter the control cabinet 
are pro'vided 'with suitable pilot lamps and separate fuses, the latter precaution pre- 
venting raids upon wall panels 


Tanks 

The thermostated tanks are made of sheet copper throughout If this is not 
done, electrolytic corrosion results m connection ■with the copper coils of the coohng 
unit All apparatus dipping mto the tank must be of brass, or hea’vily copper- 
coated The wall of the copper tank is double, an outer shell of sheet copper bemg 
pro’vided, which is coated •with Bakehte or clear lacquer to prevent tarnish The 
5 mch space between the tank and the outer shell is filled with thm sheets of cork, 
■which give very effective msulation, the sheet form of the cork gives additional air 
spaces The edge of the tank is of angle-iron, copper-covered, for attachment 
of clamps (see Fig 2) 

For purposes of observation plate glass wmdow’s (| inch thick) are inserted at 
various positions on the sides, or m the bottom Such wmdows may be made 
W'ater-tight by one of a number of devices The most effective consists ui mount- 
mg the plate glass m a copper frame, usmg a mixture of white lead with the best 
grade of varnish, the copper frame is then soldered to the wall of the tank Emptj'-- 
mg tanks is facihtated by 1 mch cocks built mto the bottom 

For use with Warburg manometers, and for certam other purposes, a shoulder 
may be pro-vided on the long side of the thermostated tank, the floor of this pro- 
jectmg shoulder is made of plate glass (Fig 3) 

The Operation of the Thermostat to Obtain Precision d= 0 001°C 

The best thermoregulation is of course obtained ■with adjustment of 
the gas pressure in the compressor so as to give the shortest cycle of 
operation of the coolmg umt Morgulis and Beber (1927) used an 
SOi compressor operated continuously in conjunction ■with heating 
lamps actmg mterrmttently through a thermoregulator, the precision 
of regulation ivas only 0 1°C We have used the same general 
method and have obtained a precision as great as 0 002°C in 
the neighborhood of room temperature The labor of adjustment 



Vie 2 \ slandartlizc<Hhcrmo<itatic bath showinR mouniinc'^ of link cooUnp 

unit stimngmotor and thermorcgulalor aswcUascontrolbox 
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Fig 3 \ standardized thermostatic tank with shoulder at one side, for use with 
manometer \essels This particular unit is cooled bA a commercial rotarv t\pe 
compressor w ith the customar> coils permanent!} attached (see text) 
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oi action of the compressor, and of the heating elements, is altogether 
too great, with this method, particularly when the temperature is to 
he newly adjusted at frequent intervals 

Dunng one cycle of the coohng unit, with intenmttent operation, 
the following changes are detectable Immediately after the compres 
sor starts to work, the temperature of the nell stirred bath nses The 
nse may he as much as 0 006°C , and depends upon the setting of the 
expansion valve m the coohng coil and upon the length of the preceding 
cycles During the actixnty of the compressor the temperature of the 
bath gradually falls When the compressor is stopped b> the mter 
ruption of the thermoregulator switch, the temperature of the bath 
contmues to fall, the magmtude of the fall, and its duration, depend 
upon the setting of the expansion valve and the working time of the 
compressor, the excess fall m temperature may be as great as 0 008'’C 
Part of this ductuation is due to lag m action of the thermorcgulator 
Attempt has been made (Fig 1) to adjust suitably the relations of 
volume of mercury to surface exposed 

A short cycle of operation in the bath has been attamed, with cor- 
respondmg mcrcase m ptcasion, by three refinements (1) The lag 
IS reduced by plaang the thermorcgulator beside the coolmg coil 
(2) A SO watt knife heater is located near the thermorcgulator, and so 
connected that the heater is in operahon when the cooler is stopped 
The relay is of single pole, double throw tjqie, making one arcuit when 
the relay is energized, making the other circuit when the rclaj is not 
activated (3) The setting of the expansion valve on the coohng 
coil IS so adjusted by tnal that there is a mmimum of additional coohng 
after the compressor motor has been stopped by the action of the 
regulator 

Under these conditions a precision of ± 0 OOl'C is obtainable in a 
tank holding 20 or 30 gallons of water, even when no cover is used 
Tests are made with a Beckman thermometer tapped conUnuouslj 

We wish to record our obligation to Mr E A Gibbs and Mr A B 
Small, of the Engmecnng force of Han ard University, for their kind 
assistance m connection with the development of Uiese installations 
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SUMMARY 

Details are given concerning the construction and operation of rel- 
atively simple thermostats which permit maintaining precise tempera- 
tures down to 0°C (with water), or temperatures above that of the 
ordinary room, and in which the temperature may be quickly altered 
at short intervals to new levels 
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In 1925 Leibowitz (1) proposed the theor\ that there are two kinds 
of maltases, — one kind present in \ east, having the pow er of hj drol) z 
mg maltose and a methj Iglucoside and another found in moulds (2-4) 
with onlj maltose sphtting power Thus he would differentiate 
between glucosidomaltase and glucomaltase But Veidenhagen (S) 
has taken quite a different anew He thinks that sucrose may be 
hjdroljzed by a glucosidase and b) a /< fructosidase, and maltose 
onl> b) a glucosidase This he explains by his stenc configuratiae 
theory, according to which one and the same enz>Tne, a glucosidase, 
must be able to hydrolj ze sucrose, maltose, and a glucosidcs since each 
has an a glucosido rest bound to a glycone or an aglj cone In other 
words this means that the classical nomenclature of maltase, sucrase, 
etc , would have to be dropped, smee such separate enzjanes w ould not 
exist Recentlj we (6) have shown the maltase of the mammary 
gland to be unrmstakably a glucomaltase, hjdroljzing maltose but 
not sucrose or a methylglucoside, thus corroborating the theorj of 
Leibowitz Doubt has been cast upon Weidcnhagen’s work (7) from 
another angle bj Karstroem (8), Alyrbacck (9), and Virtanen (10) who 
found that the enzaane of a certain strain of B coh can htdroUzc 
maltose but not cane sugar Expenments on moulds b> Pnngshcim, 
Borchard,and Loew (11) speak al«o against the theory of Weidcnhagen 
Since, m cnzjTne chcmistiy the question whether there are distinct 
maltases and sucrascs is of considerable importance, we have under- 
taken to procure additional data b\ studj mg the maltase of saliva and 
the maltase produced bj Zschcrtchta colt For the determination of 
enzjane activity w e ha\ c used an improa cd technic We ha\ e utilized 
our new method (12) which permits of the determination of minute 
>67 



768 


DIGESTION or MALTASE BY TRYPSIN 


amoxmts of monoses in the presence of bioses We have also investi- 
gated the chemical nature of the maltase of E coh We shall show that 
in contrast to the difficulty vuth which some other eiiz3Tnes respond to 
tryptic digestion, this maltase is digested by tr3^sm mth remarkable 
ease withm a relatively short time 

EXPERIMENTAL 

The organism, used was a laboratory strain of E coh {B coh communis), ob- 
tamed m 1930, which ferments glucose, maltose, lactose, with acid and abundant 
gas formation The enzyme (maltase) was prepared^ accordmg to the directions 

TABLE 1 


Experiments Showing That the Maltase of E coh {B coh communis) and That of 

Sahva Arc Glucomaltascs 
Temperature 37° 


Nature of preparation 

1 

Hidrolysis 
of maltose ] 

Hydrol\*sis 
ot sucrose ! 

H> droll 'IS 
of o-mcthl 1 
glucoside 

Time of 
incubation 


1 

j pet ((nt 

per cent 

per cent 

/rs 

E coll 

14 

None 

None 

2 

(( « 

40 

(( 

(( 

20 

(c ii 

51 

« 

i{ 

72 

Saliva 

21 

(t 

t< 

20 

« 1 

1 

30 


({ 

40 


of Karstroem (8) with the only difference that we have used 600 ml of culture 
material mstead of 6 liters A sterility test was made from the enz 3 ’me material 
The bactena-free enzjmie preparation was dissolved m 10 ml of distilled water 
1 ml of this solution had a drj- weight of 6 mg To 2 ml of this or to 2 ml of 
saffi-a,! ml of buffer (pH 6 9 n/ 10 acetate) and 1 ml of 1 42 per cent maltose, 
1 42 per cent sucrose, or 1 per cent a-methvlglucoside, respectivelv, were added 
Toluene was used as an antiseptic mall experiments At mtenals O 5 ml samples 
were taken from the digests and the protein precipitated witli 95 per cent ethvl 
alcohol In the case of maltose 10 volumes of alcohol and m that of sucrose 5 vol- 
umes were used for the precipitation Boiled samples of tlie enz 5 'mes nere run 
as controls In 1 ml of the clear filtrate the degree of hydrolysis nas determined 
bj' our monose method (12) The results of these experiments are summarized 
m Table I It is quite evident that the maltase of both E coh and salna 

^ For this preparation we are mdebted to the Department of Bacteriology of 
this College 
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h> drolj'zes malto e faulj easilv while having no effect upon sucrose ora methvl 
glucoside 

Inactivahon of Maliast hy Tr\pttc Digestion — ^To 2 ml of the maltase solution 
of E coll, there were added 2 ml of 0 3 per cent tr>’psin (Fairchild Bros and 
Foster) dissoKed in N/10 acetate huffer of pH 6 9 It was meubated at 37 for 
2 days After this 1 ml maltose (1 42 per cent) was added and it was again 
meuteted for 2 days We found that after 2 days of tryptic digestion all the 
maltase was mactivatcd A boded trypsin buffer solution, and a boded maltose 
buffer solution, respecUt ely, served as controls It should be noted that there is a 
spontaneous htdrolvsis of substrates even m water solutions which should never 
be neglected when testing for enzvme activity Smcc the 0 3 per cent try-psin 
solution gave no immediate precipitate with 9S per cent alcohol and the maltase 
solution gave a heavy precipitate it was easy to follow proteolysis by comparing 
the precipitates given by the digest and thcongmal maltase solution After 2 
days tryptic digestion the inactive maltase solution gave no precipitate with 95 
per cent ethyl alcohol 


DISCUSSION 

In Table I it is shown that the maltase of sahva does not act in 
accordance with the theory of Weidenhagen It only hydrolyzes 
maltose — not sucrose and not a methylglucoside Nor does tlie mal 
tase of E colt (B coh communis) hydrolyze anything but maltose, 
which IS in confirmation of the work of Karstroem, of MyTbncck, and 
of Virtanen, who have also studied the enzyme producing power of 
some of the organisms of this group Our experiments on the spea- 
ficity of “saccharases” support the theory of Lcibowitz, who claims the 
existence of two kinds of maltases glucomaltascs, of which the mal 
tase produced by E colt, the maltase of sahva, and the maltase of the 
mammary gland arc examples and glucosidomaltases, of which yeast 
maltase is an example, hydrolyzing both maltose and a mcthylgluco 
side The use of the special monose reagent which is very sensitive 
to monosacchandes but is not changed by disacchandcs (12) has 
given us an extremely definite analytical procedure for testing the 
point mentioned 

Contrary to the findings of Pimgsheim and laiibowitz (13), who 
think that there is no maltase at all in sahva, it was found in a senes 
of expenments (14) that maltase is a constant constituent of the 
sahv a This w as bcliev ed to be the case by earher w orkers It vanes 
greatly in different individuals, some having only a trace of maltase 
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m their saliva However, even such a trace is not negligible if it is 
remembered that the organic dry weight of the saliva is not more than 
0 5 per cent 

As regards the digestibility of maltase, it is well known that much of 
the maltase of yeast is inactivated during the autolysis of the yeast 
cells, which is a part of the procedure used in prepanng yeast-maltase 
This has been attributed to the increasing acidity of the autolysate 
(15) However, m view of our experiments which show that maltase 
IS digested and inactivated by trypsin, it is possible that the inactiva- 
tion of yeast-maltase during autolysis really may have been due to the 
action of proteases, which are found in abundance in yeast, and which 
act best at a pH ranging between 4 0 to 7 8 Some enzymes (16) are 
not digested by trypsin, and crystalline urease is inactivated by trypsin 
only if a gum is present (17, 18) Sumner and Kirk (19) could not 
digest crystalline urease with trypsin, with or without gum, but Sum- 
ner, Kirk, and Howell (20) digested crystalline urease with pepsin and 
with papain It has been shown by Northrop and Kunitz (21) that 
crystalline trypsin is digested and inactivated quite rapidly by dilute 
solutions of crystalline pepsin It was found by us (18) that con- 
centrated solutions of trypsin may prevent the digestion of crystalline 
urease, by acting as a protective colloid for the urease For this reason 
dilute trypsin solutions were used in these experiments on maltase 

SUMMARY 

1 The maltase of saliva and that of E coli (B coli conmums) 
hydrolyze maltose but not a-methylglucoside or sucrose and are there- 
fore to be considered glucomaltases 

2 Maltase is rapidly and completely inactivated and digested by 
trjqisin 
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ON THE RELATION BETWEEN MEASUREMENTS OT IN- 
TENSITY EISCRIMINATION AND OF VISUAL 
ACUITY IN THE HONEY BEE 

Bv ERNST WOLF 

(From the Laboratory aj General Phystology^ Uarcard Umverstty, Camhndge) 
(Accepted for publication, March 17, 1933) 

I 

A method for study of discrtnnnalton of photic tiilensity by the honey 
bee, and certam e'cpenmental results, have been described fWoIf, 
1932-33) It was shown that the bee’s discriminating power for 
different bnghtnesses vanes with illumination m much the same way 
that this function does for the human eje (Koenig and Brodhun, 
1889, Hecht, 1924-25) The discnminating power is poor at low 
illuminations, as the mtensitv of illumination increases the discnmina 
tion increases, ultimately less rapidl>, until it reaches a certain level 
at high illuminations The total range over which the bee can dis 
tinguish between different intensities was found to be very much 
smaller than for the human e>e, and at an illuimnation where the 
discnmmatmg power of the human eye and of the bee’s eye are at 
their best, the intensity discrimination by the bee is one twentieth as 
good as that by the human e>e The evpenments by which these 
results w ere obtained were made under ‘ optimal” conditions as regards 
the visual acuity of the bee’s e>c, for test object a pattern of stripes 
was chosen which could be easily reacted to even at the lowest ilium 
matrons used during the experiment 

The 'tsiial acmly of the human eye vanes with illumination in such 
a way that at low illuminations the resolving power is poor, at higher 
illuminations it increases, until it finally reaches a maximum level 
(Koenig, 1897, Hecht, 1927-28) The same kind of relationship was 
found for the facetted eye of the bee (Hecht and Wolf, 1928-29) 
While the relation between vasual acuity and illumination is the same 
in pnnaplc for the two organisms, there is a tremendous difference in 
773 
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the absolute magnitudes of the visual discnmmation powers The 
bee’s visual acuity at its best is lower than the lowest human visual 
acuity Under maxima] conditions for each eye the fineness of the 
resolving pow'er of the human eye is about one hundred tunes that of 
the bee 

No data have been available concerning the relation between visual 
acuity and intensity discnmmation Accordingly, an investigation of 
this relationship has been made, wnth the bee’s eye The procedure 
was m pnnciple the same as in the previous studies (Hecht and Wolf, 
1928-29, Wolf, 1932-33) 


II 

Apparatus and Procedure 

If the msual field of a bee is made up of a pattern of alternating dark 
and illuminated bars, or of alternating bars of different bnghtnesses, 
the animal will respond to any displacement of this field as long as 
there is maintained not less than a certam minimum difference in the 
bnghtnesses of the alternate bars In case the animal cannot “re- 
solve” the pattern, either on account of the wTdth of the stnpes at a 
given lUummation, or on account of a smaller difference in brightness 
of alternate bars than is necessary for distinction, the field wtU act as 
if uniformly illuminated and a displacement of the field mil not eliat 
a response 

The general method for testing the visual acuity and the intensity 
discnimnation of the bee has been descnbed m detail m two previous 
papers (Hecht and Wolf, 1928-29, Wolf, 1932-33) With the help 
of Fig 1 the nature of the expenmental procedures can be made out 
The stnped pattern underneath the inclmed creeping plane upon winch 
the bee crauls can be moved sidemse For the visual acuity test the 
pattern plates uere made of stnpe systems of different widths, and 
for each width of stnpe the necessary intensity given by source B w^as 
determined for the first noticeable response of the bee In testing 
intensity discrimination, only one wide stnpe width was used, and for 
each given illumination I furnished by source A the necessary’- intensity 
of A/ for mmunal response furnished by source determined, and 
thus one curv e w as obtained with that one width of stnpe In com- 
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bmmg both visual acuity and mtensitj discnrmnation tests, the width 
of the stnpes had to be altered and a complete curve for intensitv dis- 
cnnunation worhed out for each width of stnpes Altogether, ten 
different vndths of stnpes were used The larger ones were made by 
putting opaque black paper stnps on the low er surface of opal glass 
plates, and covering the paper stnpes from underneath with a clear 
glass plate to press them tight agamst the opal glass The finer stnpes 
were machine engraved on glass and have the opaque areas filled m 
with black pnntei’s ink These plates were covered with opal plates 



Fig 1 Diagram of apparatus for measuring the visual mtciisit> discnmmation 
of the bee 


in the same manner Dunng use they were fitted into the movable 
frame (Fig 1) so that the opal plate was on top nearest to the bee 
The visual acuities determined by these plates depend upon their 
distance from the eye of the bee It was arranged in these eiqien 
ments that the average distance of tlie upper surface of the opal 
plate from the bee’s head was the same as in the visual acuitv expen 
ments earned on some years ago (Hccht and Wolf, 192S-29) The 
distance to be considered in the intensity discnmmation tests is 
not the distance from the center of the bee’s ey c to the pattern plate, 
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but to the upper surface of the opal plate, because the opal plate acts 
as a diffusing screen gi\ang an image of the bars of the same width on 
its upper surface The average distance, w'hich vanes shghtly from 
plate to plate and from bee to bee, was 17 3 mm , which corresponds to 
the value we had m the Msual acuity experiments (Hecht and Wolf, 
1928-29) Consequently the values for the visual angles subtended 
by the bars, and the corresponding visual acuities, were m the twD 
cases identical In Table I the dimensions of the bars and spaces, the 
resultmg \nsual angles, and the reciprocals of the visual angles repre- 


TABLE I 


Dcsignaitons and Properties of Pattern Plates Used in the Experiments 


Desisnation 

Width of bar 

Visual angle subtended 
b> bar 

Visual acuity X 10* 


mm 

r/t/t 


A 

20 0 

2949 0 

3 40 

B 

12 4 

2136 0 

4 68 

C 

9 4 

1710 0 

5 85 

D 

6 3 

1200 0 

8 33 

F 

3 2 

630 0 

IS 87 

G 

1 27 

252 0 

39 68 

I 

0 635 

126 0 

79 37 

K 

0 423 

84 0 

119 0 

L 

0 363 

72 0 

138 9 


0 318 

1 63 0 

1 

158 7 


seating the xnsual acmties, are given As m the case of ophthalmologi- 
cal practice, a visual angle of 1 minute corresponds to a visual acuiiy 
of 1 

The experiments w'ere earned on exactly m the same manner as the 
pre\aous ones Over a desirable range of intensities (/), the necessary 
^espectl^e values for A/ were determmed, and thus mtensity dis- 
crimination curves were obtained for each set of stnpes With source 
A turned on, the upper surface of the opal plate will look evenly 
iUummated (7), with bght from source B in addition, the spaces in 
betw een these stnpes wiU have a bnghtness 7 -f- A7, so that by appro- 
pnately changmg the intensity given by source B the minimal differ- 
ence m bnghtness between the two hne sj^stems can be determined 
which gives a just noticeable response of the bee to a lateral displace- 
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ment of the line systems Each point plotted on the curves (Fig 2) 
represents an average of ten tests with different individuals Besides 
the formerly derived intensity discrimination curve, nme new ones 
were obtained Altogether 1,120 bees were tested at different intensi 
ties and widths of stripes The results are given m 112 plotted points, 
to which the best fitting curves were fitted for the different visual 
acuity levels 


in 

SESU1.TS 

Theexpenmentswere earned ondunng the latter part of the summer 
and fall of 1932, with the same apparatus used dunng the earlier part 
of the year for the first determination of intensity discrimination by 
the bee The hght sources at their different positions and the inten- 
sity values given at different diaphragm openings were re cahbrated 
Then the mtensity discrimination at different visual acuities was 
studied in the order of the magmtudes of the bars from the largest 
width to the smallest, in the same order as indicated in Table I 
The data obtamed for the different widths of stnpes are given in 
Tables II to X The values of AI and of A/// in the tables are mean 
values for the total numbers of individuals tested at each I, with the 
probable errors of A/// and of A/ computed according to Peter’s 
formula 

The values for AI/I at each level of visual acuitv vary in a sig 
nificant manner with illumination For each case, at low intensities 
A//7 IS greatest, it decreases smoothly as the illumination is increased 
At the highest illuminations the values for intensity discnmination at 
different visual acuities are about identical At lower illuminations 
they differ significantly accordmg to the dimensions of the striped 
pattern used and to the visual angles subtended by the different stripe 
svstems The probable error of A//7 decreases with increasing 7 for 
each visual acuity in the same way as does a 7/7 itself, and as A7 m 
creases with increasing 7, the probable error of A7 increases 
In Fig 2 the data arc set out graphically The points plotted arc 
the mean values for all mdividuals tested at the respective in- 
tensities 



TABLES OF DATA 


Mean values for intensity discrimination at different visual acuities and at 
different mtensities measured m millilamberts with their P E (number of obser- 
vations = 10 m each case) 


I 

MiUJamberts 


AI 

Millilamberts 


AI/T 


TABLE n 


Stnpes B, 12 4 mm wide \%ual acuity X 10* = 4 68 


0 107 

0 528 ±0 021 

4 924 ±0 192 

0 134 

0 451 ±0 010 

3 374 ±0 076 

0 166 

0 501 ±0 012 

3 010 ±0 080 

0 302 

0 594 ±0 on 

1 968 ±0 038 

0 417 

0 784 rfcO 015 

1 880 ±0 035 

0 695 

1 056 ±0 019 

1 245 ±0 027 

1 031 

0 951 ±0 048 

0 922 ±0 035 

1 439 

1 199 ±0 044 

0 833 ±0 028 

2 711 

1 581 ±0 023 

0 583 ±0 0088 

3 900 

1 630 ±0 020 

0 418 ±0 0052 

6 792 

2 821 ±0 083 

0 415 ±0 0129 

13 87 

3 430 ±0 221 

0 247 ±0 0136 

34 68 

8 445 ±0 298 

0 243 ±0 0088 

no 02 

21 490 ±0 353 

0 195 ±0 0032 

TABLE ni 

Stnpes C, 9 4 mm wide Visual acuity X 10* = 5 85 

0 166 

0 760 ±0 018 

4 567 ±0 113 

0 214 

0 710 ±0 017 

3 319 ±0 075 

0 302 

0 763 ±0 030 

2 527 ±0 094 

0 695 

1 175 ±0 029 

1 690 ±0 042 

1 439 

1 447 ±0 019 

1 005 rfcO 014 

2 711 

1 675 ±0 035 

0 617 ±0 013 

5 261 

3 068 ±0 093 

0 583 ±0 018 

9 572 1 

3 732 ±0 098 

0 391 d=0 0099 

19 96 

6 305 ±0 116 

0 316 ±0 0057 

34 68 

8 630 ±0 119 

0 249 ±0 0035 

55 04 

13 400 ±0 234 

0 243 ±0 0042 


TABLE IV 


Stnpes D, 6 3 mm wide Visual acuity X 10* = 8 33 


0 214 

1 0 948 ±0 025 

4 433 ±0 106 

0 417 

0 992 ±0 019 

2 381 ±0 052 

0 695 

1 169 iO 015 

1 681 ±0 034 

1 439 

1 663 iO 026 

1 155 ±0 019 

2 711 

1 878 =b0 033 

0 693 iO 0099 

5 261 

3 356 itO 123 

0 638 zizO 0238 

19 960 

6 292 ±0 206 

0 315 zizO 0117 

81 460 

20 670 iO 310 

0 254 ±0 0039 
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TABLES OF DATA — Conhnufd 


I 

inUiUmbetU 


Al/I 


TABLE V 


Stnpes F, 3 2 mm wide Visual acuity X 10* ■» 15 87 


0 302 

1 229 ±0 017 1 

4 06S dbO 055 

0 417 

1 247 rfcO 038 ; 

2 991 ±0 OSO 

0 695 

1 244 ±0 023 

1 790 iO 033 

1 031 

1 573 ±0 «3 

1 506 ±0 042 

2 711 

2 609 ±0 083 

0 962 ±0 036 

6 792 

3 732 ±0 166 

0 549 ±0 024 

19 960 

6 831 rfcO 151 

0 342 ±0 007a 

34 680 

10 310 ±0 178 

0 297 ±0 0054 

81 460 

18 920 ±0 296 

0 232 ±0 0037 


TABLE VI 


Stnpea G 1 27 mm mde Visual acuity X 10* - 39 68 


0 417 

2 272 ±0 020 

5 4S1 ±0 M7 

0 695 

1 2 214 dbO 028 

3 186 d:0 m 

1 031 

1 2 527 =b0 087 

2 451 dzO (H5 

2 153 

1 3 966 ±0 090 

1 331 d:0 013 

3 900 

3 989 ±0 137 

1 023 dzO 037 

9 572 

6 266 ±0 118 

0 654 012 

13 870 

5 958 ±0 214 

0 430 015 

34 680 

10 650 ±0 257 

0 307 ±0 0083 

70 270 

17 380 ±0 293 

0 247 ±0 OWl 

TABLE Vn 

Stnpes I 0 635 mm wide. Visual acultj X 10* « <9 37 

1 031 1 

5 719 ±0 200 

5 547 ±0 138 

1 439 1 

5 691 ±0 186 

3 955 ±0 129 

2 711 

6 426 =t0 120 

2 3<0d:0 060 

3 900 

6 869 ±0 254 

1 761 ±0 0/9 

6 792 

10 860 ±0 375 

1 465 ±0 058 

9 572 

10 910 =b0 200 

1 140 ±0 020 

19 960 

13 630 diO 203 

0 683 ±0 010 

34 680 

15 150 ±0 189 

0 437 ±0 0052 

61 720 

18 630 :t0 361 

0 302 ±0 0059 

110 020 

29 5<0 d:0 299 

0 2/0 d:0 0025 
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TABLES OE Tikrk— Concluded 


I 

Iililhlamberts 

AI 

Afillilaniberts 

Al/I 

TABLE VIII 

Stripes K, 0 423 mm wide Visual acuity X 10' = 119 0 

2 711 

11 600 ±0 296 

4 280 ±0 111 

3 900 

13 700 ±0 197 

3 514 ±0 047 

5 261 

15 590 dbO 313 

2 394 dbO 060 

9 572 

16 030 ±0 279 

1 675 ±0 030 

13 870 

16 630 ±0 271 

1 199 ±0 019 

19 960 

19 190 d=0 273 

0 962 ±0 014 

34 640 

23 100 ±0 313 

0 666 ±0 0091 

55 040 

27 110 dbO 477 

0 493 ±0 0087 

110 020 

30 340 ±0 350 

0 276 ±0 0032 


TABLE IX 


Stripes L, 0 363 mm wide Visual acuity X 10* = 138 9 


3 900 

21 190 ±0 558 

5 432 dbO 139 

5 261 

21 550 ±0 454 

4 095 ±0 085 

9 572 

22 950 ±0 443 

2 397 ±0 043 

13 870 

22 900 ±0 378 

1 651 ±0 025 

19 960 

23 520 ±0 465 

1 178 ±0 026 

27 420 

30 640 ±0 355 

1 117 ±0 013 

34 680 

32 510 ±0 355 

0 937 ±0 010 

55 040 

35 610 ±0 744 

0 647 ±0 on 

no 020 

55 500 iO 795 

0 504 ±0 010 


TABLE X 


Stripes M, 0 318 mm wide Visual acuity X 10' = 158 7 


13 87 

58 020 ±0 998 

4 183 ±0 071 

19 96 

60 400=fcl 156 

3 026 ±0 058 

27 42 

61 730 ±0 900 

2 251 ±0 039 

34 68 

67 210 il 238 

1 938 ±0 030 

81 46 

94 730 d:0 383 

1 163 ±0 0047 

no 02 

93 980 dbO 840 

0 854 rfcO 0076 
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The first curv’-e (open circlets) is the intensity discmnination graph 
published previously, where the mdth of the bars of the pattern n as 
chosen great enough so that the bees were able to react to the bars at 
any illumination used The nine other curves are intensity discnm- 
ination curves for increasing!)’- greater visual acuities These curves 
show that vath greater visual acmties, intensity discnmination gets 
worse at lower illuminations, whereas at higher intensities the dis- 
cnrmnation power is improved in practically the same course as in 
our first experiments — until at the highest illuminations visual acuity 
does not interfere with the discnmination, save for the two smallest 
sizes of stnped patterns, for which the curves do not come down to 
the same level within the range of intensities used This, however, is 
due only to the fact that one is practically hmited in obtaining high 
enough intensities for I and A/, providing in the extreme case values 
for Al/I w’hich w’ould correspond to the minimal value found for 
smaller visual acuities 


TV 

The ten curves for intensity discnmination at different visual acui- 
ties are in their general course identical, with a progressive shift to 
greater values on the log I scale in Fig 2 This suggests a significant 
interrelation between visual acmty and intensity discrimination The 
gradual shift of the curves to the nght is not so evenly spaced in rela- 
tion to the width of stnpe as one might perhaps expect The shift 
corresponds much more to the difference in abscissa values found for 
the positions of the points on a visual acuity curve for the bee And 
so the question anses, whether one is able to construct a senes of visual 
acuity curx’-es from the intersections of the intensity discnmination 
curv’es wath a given ordinate value of A/// 

In Fig 3, four such reconstructions of visual acuity curves are given 
The first curve (white arcles) is the visual acuity curve obtained by 
Hccht and Wolf (1928-29) The second curve (black circles) is a 
Msual acuity curve constructed from the intersections of the intensity 
cur\ es wath the ordmate A//7 = 3 0, the third (open squares) is at 
A/// = 2 0, the fourth (black squares) at Al/I = 10, and the fifth 
(half arcles) at A/// = 0 5 The curv'es fitted to the points are the 
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same as the ongmal curve, only shifted to the nght The fit is reason- 
ably good, and is suffiaent to show that the curves are essentially 
identical The graph shows that with Ll/I getting smaller the fit of 
the curve becomes better, which is only to be expected because at 
higher mtensities more prease settmgs can be made, as the bees give 
sharper and more definite responses 



Fig 3 Visual acuity cun es reconstructed from the data given m Fig 2 The 
first curve is the original visual acuiti curve for the bee , the second is reconstructed 
for A/// -3 3 0 the third for A/// — 2 0 the fourth for A/// — 1 0, and the fifth 
for tJ/I — 0 5 

A visual acuity curve provides the magnitudes of I corresponding 
to successively decreased width of stnpe at a given magnitude of 
Af/J, AT measures nearly enough, for each value of I, the increase 
of intensity which is necessary to bnng into action a certam constant 
number of additional receptors Consequentlj we should expect 
that, for decreasing magnitudes of Al /I (that is, increasing values of I 
and A7), the vnsual aciuty curv e must shift ton ard the nght, that is. 
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to^ ard higher levels of I but that its form should not be changed 
This IS evident m Fig 3 

For visual acuity tests in which the bee reacts to a pattern of alter- 
nately black and lUuminated stnpes, we may say that AI/I equals 
infinity, which means 1 = 0 If we intend to obtain from our dififer- 
ent intensity discnmmation curves a curve which would be identical 
vnth the first of the five cun^s in Fig. 3, we have to take the values on 
the curves at a very large magnitude of AT/I It can be shoivn that 
the points of the ongmal \usual acuity curve (Hecht and Wolf, 1928- 
29) and the curve at A/// = 6 0 fall very close together, and presum- 
ably on extrapolating to stiU greater values for Al/I the two curves 
would actually coincide No attempt has been made to show this 
graph because the intensity discriminations at even values of Al/I = 
4 0 IS pretty uncertain, so that one cannot put too much emphasis on 
the observations made beyond that point Some points of the desired 
vusual acuity cur\'e (AT /I >6 0) would fall onto the left of the ongmal 
visual acuity curve where AT/T w’as infinite, and that would be practi- 
cally impossible, consequently all such values only indicate that at 
such low illuminations settings of the apparatus accurate enough to be 
reliable cannot be made 

The reproducibihty of the visual acuity curves from the intensity 
discnmmation data, in view of the delicacy of measurement and of 
cuiwe fitting, IS of some special interest The data collected in the 
AT/T curves were obtained from different animals of the same colony 
Each point on the curves represents a mean value for ten different 
individuals It has been emphasized previously that on account of 
the genetic uniformity of the members of a colony of bees, there is no 
special need for establishing a complete intensity discrimination curve 
vnth one single individual It has been shown that frequent handling 
of the bees for repeated obsen’^ations upon one worker actually inter- 
feres a good deal with the accuracy of the determinations It is fur- 
thermore of interest to see the reproduabihty of the visual acuity 
cun c b} companson with that obtained using bees of a different colony 
some > ears ago (Hecht and Wolf, 1928-29) This indicates not only 
that a fairly high degree of uniformity as to reactions exists within 
the members of one single colony, but also among different colonics 
of commercial lines of bees 
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The visual acuity computed from the •width of the stripes and the 
distance of the pattern from the bee’s eye is m surprisingly precise 
agreement with the observations It was mentioned before that for 
these determinations the distance of 17 3 mm from the center of the 
bee’s eye to the upper surface of the opal cover plate had to be con 
sidered, and not the distance to the actual stripes which is 18 7 nun 
If one attempts to fit the original visual acuity curve to the greater 
visual acuity values based upon the distance to the bars, the fit of the 
curves at once becomes inadequate This indicates that for one set 
of detenmnations of visual acmty values at different illuminations, 
only one best fittmg curve can be drawn 

smntAKY 

1 Bees respond by a charactenstic reflex to a movement of their 
visual field By confining the field to a senes of parallel stnpes of 
two altematmg different bnghtnesses it is possible to determine for 
any width of stnpe, at any bnghtness of one of the two sets of stnpes, 
the bnghtness of the second at which the bee will first respond to a 
displacement of the field Thus the relations between nsual acuity 
and intensity discnrmnation can be studied 

2 Tor each -width of stnpe and -visual angle subtended bv the stnpe 
the discnmination power of the bee’s eye for different bnghtnesses 
was studied For each visual acmty the intensity discrimination 
vanes with illuimnation in a charactenstic, consistent manner The 
discnmination is poor at low illummations, as the intensity of illumina- 
tion increases the discnmination increases, and reaches a constant 
level at high illuminations 

3 From the intensity discnmination curves obtained at different 
visual acuities, -visual acuity curves can be reconstructed for different 
V alues of A J // The curves thus obtained are identical in form with 
the curve found pre-viously by direct test for the relation between 
•visual acuity and illumination 
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THE VARIABTLITY OF INTENSITY DISCRIMINATION BY 
THE HONEY BEE IN RELATION TO VISUAL ACUin.’’ 

By ERNST WOLF and W J CROZTER 
(From thi Laboratory of General Physiology Harvard University, Cambridge) 
(Accepted for publication, March 29, 1933) 

It IS necessary to produce an intensity o£ lUurmnation (7 + A7) in 
one component of a senes of alternating bars differently illuminated, 
the mtensity of illumination of the other set being 7, in order to call 
forth a response in a creepmg bee when the visual field so composed 
IS moved to one side With wide stnpes the vanabihty of (7 + A7) 
depends upon the mtensity of lilummation 7 in exactlj the same 
manner as does (7 + AT) When 7 is high, and thus A7, the standard 
deviation of A7 is high, it decreases as a simple power function of 
decreasing 7, until a very low intensit> is reached (cf Wolf, 1932-33 a) 
These determinations were made with one particular mdth of bars 
(20 mm ) constituting the dluminatcd pattern in the substratum upon 
which the bee creeps (Wolf, 1932-336) It is important to consider 
the manner in which the vanabihty of A7 may be affected according 
to the widths of the bars of hght Vanabihty is defined as the quanti- 
tative dependence of the scatter of the detcmimations upon the mag 
nitudes of the independent vanable — in this case, the illumination 7 {cf 
Crazier, 1929, Crazier and Fincus, 1931-32, etc) 

Clearly, the vanabihty of the measurements, considered in this 
way, has an intimate beanng upon the automatic demonstration of 
internal self consistency in the data, thus providing a control upon the 
consistency of the observer's performance, and, since it gives a means 
of estimating the vanabihty of responsiveness of the tested organism. 
It IS also important for questions as to the rOle of "pattern,” “form 
discrimination,'’ and several related topics In this case, the pattern 
IS simple and its properties may be suggestive The cvatation of the 
bee by movement of or in its visual field is clearly and defimtely ap- 
parent bj a reaction — a change of direction of the bee’s path — when 
the animal is creeping geotropicallj upon an inclined surface The 
<87 
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immediate cause of the response is given not b}’- the movement of the 
bee, but by a movement of the diversely lUimunated pattern above 
which it creeps The bee does not react to motion of the stnpes if it 
IS not moving 

Exatation must depend upon the passage of a certam number of 
ommatidia from the less excited to the more excited state (or the re- 
verse, or both) while the bee is creepmg This must depend largely 
upon the sizes of the alternate bars illuminated in a contrasting manner 
Since the total area of the field respectively covered by the bnghter 
and by the less bnght bars which alternate in position is independent 
of the width of the bars, the excitation must be a function of the 
frequency of occurrence of divisions between the two areas, since the 
greater frequency of such divisions per unit area the greater the chances 
of a given ommatidium passmg from less excited to more excited state 
We found pre\nously (Wolf, 1932-33fl) that the vanation of AT in- 
creased as a pover function of /, -with given constant vndth of stnpe 
(20 mm ) With bars of narrower vndth one must then expect that 
at gi\ en intensity of illumination the excitation must be higher — the 
visual angle being smaller — and consequently the variation of Al 
must be expected to be higher, reducing with continuing increase of 
illumination to a certain magnitude dependent upon maximal excita- 
tion of all the ommatidia With still narrower bars, this process must 
be expected to continue This vould of itself be enough to show that 
the observed vanation of A! is connected vnth a property of the bee, 
rather than a matter of “expenmental error ” 

It vas found vnth bars of 20 mm vadth that the P E of {AT /I) 
declined hyperbohcally vath log I In terms of the reasomng thus 
far outlined, ve expect this relationship to be apparent with stnpe 
s} stems of narrov er widths, but that with successive!}’- narrower stnpes 
the cun e of hv-perbohc descent of P E (A///) ivith increasing log I 
should mo\ e successiv ely to^^ ard higher v’alues of log I For the pres- 
ent senes of measurements (Wolf, 1932-33 Z;) Fig 1 demonstrates 
that this relationship is indeed obe}ed The data are contained in 
the preceding paper by Wolf (1932-336) As there explained, the 
readings are averages of ten determinations of A/, and the probable 
errors of these av erages Since the number of obsen’ations is constant 
m each set, the use of a probable error of the mean is merely a matter 
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of convemence, and m no wav affects quantitatively or qualitatively 
the character of the subsequent reasoning, we are quite well aware 
that other methods of expressmg the scatter of observations might be 
preferable for other purposes P E (A///) decreases with increasing 
I in preasely the same manner as does Af// itself (Wolf, 1932-33fc) 
It was concluded previously (Wolf, 1932-33o) that the quantitative 



Fio 1 Probable errors of the ratios (AJ //) as a function of log /, for stripes of 
different widths, A to 3f, progressively narrower The widths of stnpes and the 
corresponding visual angles, are gi\ en m an accompany mg paper (tVolf 1932-33 &) 


level of intensity discrimination — with stnpes of given width — deter 
rames or hrmts the a anation in the measure of this discrimination 
From Fig 1 it is apparent that with stnpes of narrower and narrower 
widths the P E of (Af//) is higher and higher at giten intensity of 
illumination, put in another way, the nanower the stnpe, the higher 
the intensity of illumination required to produce a given \ anation in 
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(at /I) This IS complete^ consistent vith the thought that the general 
intensity of excitation directly determines the magnitude of the varia- 
tion in reactiveness for the threshold response w hich is the basis of the 
measurements 

In one sense, this is more simpl}' seen if one considers that, at given 
magnitude of J, Al is inversely proportional to the visual angle sub- 
tended by the width of one of the stripes — that is, by the distance be- 
tw een the lines of dmsion of the illuminated areas (visual angle is of 
course the reciprocal of the visual acuit)’-) , the curve relating Al with 
visual angle is almost exactly hyperbolic, so that Al is almost directly 
proportional to the visual acuity At given magnitude of intensity, 
PEA/ increases mth Al, that is, vuth decreasing visual angle 
This IS consistent mth the idea that the observed vanation of Al 
tends to be progressively restncted as the fineness of discnmination 
(decreasing value of Al) becomes greater 

For the stupes of greatest mdth used (20 mm , A , Fig 1) A (P E Al ) / 
(P E AT) IS directly proportional to A///, until, at a very low level of 
intensit}’’, PEA/ increases somewhat, owing presumably in part to 
lack of nicety in the adjustment of the apparatus (that is, of / -{- Al) 
by the observ'er With narrow^er illuminated bars (Fig 2) this secon- 
dar)' source of increase in P E Al naturally appears at higher and higher 
intensities, until, beyond the inflection point in the curve for visual 
acuity at any intensity of illumination (cf Wolf, 1932-336, Fig 2), 
the curv'ature of the departures of P E Al from the hrmting line con- 
necting log PEA/ wath log I assumes a somewhat different form 
With stupes of still narrow er widths, the \isual acuity at given inten- 
sit} of illumination becomes higher and declines less rapidly for a 
gi\en increase of illumination, consequently, the cuiw^es for departure 
of log PEA/ from the limiting line descend less rapidly to this line 

A fundamental problem ausing in relation to the sensory effects, or 
the effects upon behaMor, of the seen movement of a patterned field, 
has to do with the question as to whether effects induced are of purely 
peupheral, that is sensorx, ongin, or whether the character of the 
pattern as a pattern is mtunsically significant This question can 
be determined most directlj. , not by the consideration of picturesque 
differences in forms of pattern, but b> the close analysis of the influence 
of simple changes in pattern of which the possible sensory consequences 
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may be determined and checked In the present instance have to 
do with a visual field in which the differences experimentally produced 
concern, not modifications of the relative amounts of bnghter and less 
bright surface, but changes in the frequency per umt area of divisions 



Fig 2 Probable error A/ considered as a po^'er function of I For stnpes of 
greatest vndth {A) the wde bar gives the limiting line Wolf, 1930 1932-33 o) 
mth stnpe svstems of progressive!} narrower widths to M, departures from this 
himtmg line are mcreasingl} more extensive This is discussed m the text For 
the stnpes of a width corresponding to the location of the mflection point in the 
curve for visual aoutj (Wolf, 1932-33&) the variation is much more extensive 
than m the data obtained mth the Cther stnpes for these observations G no 
curve is drawn 

between brighter and less bnght this means, that with given frequency 
(that is, with the total number) of demarcation hnes encountered by 
the ommatidial surface, the excitation of an ommatidium, so far as 
concerns the ehcitation of the threshold response which is the basis 
of measurement, must depend upon the passage of ommatidia from 
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a condition of iUumination by the bnghter or the less bnght bars to the 
reverse The visual acuity curves determined by this method, and 
the intensity discrimination curves upon which they are based, can 
be understood on the assumption (c/ Hecht and Wolf, 1928-29) that 
eratation is determined at given intensity of illumination by the num- 
ber of ommatidia stimulated, and fundamentally by the distnbution 
of thresholds for photic excitation as a function of intensity among 
the total population of ommatidia We find here that not only do the 
data upon intensity discrimination retain a consistent character re- 
gardless of the mdth of stnpe (that is, detail of the pattern) but, what 
IS more surpnsmg, that the vanation in the measurement of A7, con- 
sidered as a function of I, can also be understood completely as to its 
form, on the assumption that the relative change of the standard de- 
viation of A/, when I is altered, is fundamentally directly proportional 
to the relative change of mtensity, but with a modification of the 
fundamental limiting graph from w'hich this statement is denved 
w Inch becomes apparent W'hen, with narrow'er and narrower lUununated 
bars, the increasing frequency of excitation, due to the increased fre- 
quency of transitions from bnghter to less bnght illuminations upon 
the bee’s eye, determmes at a given intensity of illumination a higher 
mtensit}'^ of excitation It is conceivable that, from the character of 
these departures from the limiting hne in the graph of P E A/ against 
7, estimation could be made of the manner m which narrowing the 
w^dths of bars to the point beyond the mflection point in the visual 
acuity graph seiw^es to bnng about increased excitation, m other words, 
narrowing the bars increases the frequency of excitation (over a rela- 
tn ely gross interval of time), increasing 7 increases the total intensity 
of a single exatation It is to be remembered, again, that in these 
measurements one deals with a threshold response, which does not 
depend upon the speed of the translational displacement of the seen 
pattern, at least within rather wade limits not exceeded m secunng the 
actual readings 


SUMMARY 

Vanation in the determined magnitudes of the difference in bnght- 
ness between alternating members of a S 3 'stem of stnpes requisite for 
the elicitation of a threshold response in bees shows that the intensity 
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of excitation, as a function of width of stnpe and of intensity of lUu 
imnation, is determined by the intensity of lUuinination and by the 
frequency of occurrence of divisions between bnght and less bnght 
bars The vanation of AZ is limited by the mtensity of exatation, 
so that the curves relating P E (AZ/Z) have the same form in relation 
to Z as do the curves for AZ/Z The limiting rule according to which 
PE AZ IS a power function of Z for stripes of maxunum usable width is 
departed from more and more markedly, for lower intensities, as 
narrower stripes are employed 
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THE DIFFUSION COEFFICIENT OF CRYSTALLINE 
TRYPSIN 

By henry W SCHERP 

{From iJit Laboratories of The Rockefeller Inshlule for Medical Research) 
(Received for pubbcation, March 23 1933) 

A simplified method for the detenmnation of diffusion coefficients, 
and the use of the latter m the calculation of molecular radii and 
weights, have been desenbed by Northrop and Anson (1) The use 
of the method has been extended to the study of crystalline pepsin 
and crystalhne trypsm, in an attempt to separate by fractional diffu 
Sion (2) molecules responsible for the proteolytic activity from those 
contammg protein mtrogen The fact that no fractionation could be 
ascertained by this method, since the diffusion of proteolytic activity 
and of protem nitrogen ran parallel, was interpreted as evidence that 
the former is an integral property of the protem molecule The de- 
termination of the diffusion coeffiaent of crystalline trypsin is here 
reported in detail 

Assembly of the Apparatus * — ^The apparatus was assembled somewhat differ 
ently from the description given by Northrop and Anson (1) and is illustrated m 
Fig 1 The outer vessel measured 6 X 20 cm The siphon tube Vi‘as 2 to 3 mm 
inside diameter, so that the fixed error due to the fact that free diffusion does not 
take place into the liquid m the tube was negligible The outer vessel was held 
by a large condenser clamp which m turn was mounted on a nng-stand with tn 
pod base two of whose feet were fitted with thumb screws to facihtate leveling of 
the apparatus The outer vessel was partially submerged as shown, in a large 
water bath set up m a room m which the temperature was mamtamed at 5® il®C 
During the day when the room was used extensively and the temperature tended 
to nse, It was necessary to control the temperature of the bath by the addition of 
ice Care must be taken that the apparatus is mounted where it wiU not be sub 
jected to vibrations or sudden jars To this end the bath was not stirred me- 
chanicallv Ako to a%oid disturbances during the withdrawal of samples a 
rubber tube of small diameter and about 2 feet long was permanentlj attached 
to the siphon tube during an experiment, and the samples were withdrawn bj 

^ This modified assembly was devised b> Dr Moses Kunitz 
795 
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suction into small flasks Fresh 
solvent was mtroduced through a 
notch m the side of the stopper 
In setting up an axperiment 
mth solutions of crj'stalhne trjTi- 
sm, the diffusion cell was fllled 
through the stop-cock by means 
of a capillar>" pipette, smce the 
high viscosity of the solution made 
filhng bj’- suction through the 
porous membrane ver)' slow A 
small amount of mercur}'^ uas 
placed m the tube above the stop- 
cock to safeguard against leakage 
The desired amount of solvent 
uas placed m the outside vessel 
(20 cc was used throughout these 

Fig 1 Apparatus for the determmation experiments),andthe cell mounted 
of diffusion coefficients in position and lowered until the 

membrane was 1-2 mm below the 
surface of the liquid There is a fixed error here due to the fact that diffusion does 
not take place into that portion of the liquid uhich is above the level of the mem- 
brane Hoiicver, a simple calculation shoiied that this error could be safely dis- 
regarded The plane of the membrane uas made approximately parallel to that 
of the surface of the solvent bj manipulation of the condenser clamp and the final 
lc\ cling adjustment obtamcd by means of the thumb screws m the tripod base of 
the nng-stand 

Equilibration was allou ed to proceed for 2 hours to overcome any possible differ- 
ences in salt concentration between the tuo solutions, the outer solution bemg 
then withdrawn and discarded smce it contamed onlj a small amount of trypsin 
The apparatus was nnsed bi introducing 20 cc of solvent, uhich uas likewise 
drawn off and discarded \ fresh sample of solvent was then introduced and dif- 
fusion was allowed to proceed for the desired length of time The process of rms- 
ing was repeated each time a sample was uithdraun for analysis, all nnsmg solu- 
tions being discarded 

■\t the conclusion of an experiment, the cell vas washed out thoroughly mth 
distilled i.atcr and Icpt in contact wath the same solvent during the interval 
between determinations, since changes arise m the cell constant if dr>mg 
occurs 

Calibration of the Apparatus — Two cells were used m these expen- 
ments, both of which had membranes made from Jena glass filter 
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discs ® The internal volume was detenmned by eighing dry and 
fiUmg with water, very close checks bemg obtamed by this method 
The values found were 24 55 cc for Cell 2 and 5 09 cc for Cell 4 
A cell was used with a small mtemal volume (Cell 4) relative to the 
volume of solvent outside, m order that the fraction of the ongmal 
solution which diffused across the membrane should be as large as 
possible 

The cell constant, K, was determmed with carbon monoxide hemo 
globm as the known substance, usmg the value for the diffusion coeffia 
ent, D, reported by Northrop and Anson, namely, 0 0420 cm ’ per day 
Analysis was by measurement of total nitrogen by the micro Kjeldahl 
method The results were checked by colonmetnc determinations 
The values of K were calculated from the extended form of the diffu- 
Sion equation previously developed (1) 


( 1 ) 


n „ 23 K ^ 

(ci + rj)r — + 


This equation was used throughout these expenments K for Cell 2 
nas found to be 0 054 and for Cell 4, 0 0315 

Preparation of Trypsin — Two samples of crystalhne trypsin were 
used One was prepared from several samples of moist trypsm cake 
of different ages m current use 8 gm of cake was dissolved in 30 
cc of 0 1 M acetate buffer at pH 4 0 and the solution was poured into 
150 cc of the same buffer at the boilmg point The mixture was 
cooled rapidly m runnmg tap water, brought to 0 4 saturation with 
ammonium sulfate, and filtered through a Schleicher and SchuU No 
14S0| filter paper Ammonium sulfate was added to the filtrate to 
0 7 saturation and the resultant preapitate was collected on hard 
paper on a Buchner fimnel 6 gm of moist cake was obtained This 
V, as dissolved m 40 cc of 0 5 saturated magnesium sulfate, 0 1 it 
acetate buffer, pH 4 0 The solution was used undiluted for Cell 2, 
and diluted with an equal volume of solvent for Cell 4 The speafic 
activity, [T U was 133 

’The Jenaer Glaswerke, Schott and Gcnoden Jena, Gennan>, — Amencan 
agent Fish-Schunnan Corporation, 230 East 45th Street, New York — ^is now 
prepared to furnish diffusion membranes made accordmg to the directions of 
Northrop and Anson and fused onto diffusion cells 
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TABLE I 

Dijftision Cocffictcnl of Crystalline Trypsin, 5°C 


E'qjcnment 1 


Sol\ cnt, 0 5 saturated magnesium sulfate, 01 m acetate, pH 4 0 Sp gr solvent, 5°C , 
1 115 gm cm Viscosity soh ent, S^C , 0 0303 erg sec cm 


Cell No 

Original solution 

I 

Time 

P, quantitj 
ditfuscd, of origi 
nal solution 

D 


1 




activatj 

nitrogen 


1 

days 

CC 

CC 

in cm * 
per day 

1 

sn cm ’ 
per day 

2 

Internal \olutnc 

460 (T U ] 

0 156 


1 

1 


\ 

= 24 55 cc 

0 708 


0 274 


mSm 

Cell constant = 

3 45 mg N/cc 





Ha 

0 034 







4 

Internal volume 

1 

Same as for Cell 2, di- 




mi 

_ 

= 5 90 cc 

luted with equal vol- 

0 708 

0 433 

0 382 


mEm 

Cell constant = 

umeofsolvent 


0 756 


■MW 01 

■b 

0 0315 ; 



1 

1 

i 

i 


Av crage 





0 0218 

0 0207 






±0 0008 

±0 0013 


Experiment 2 


SoK ent, 0 5 saturated magnesium sulfate, sulfunc acid, pH 3 0 Sp gr soh ent, 5°C , 
1 145 gm cm"’ Viscositj solvent, 5'’C ,0 0362 erg sec cm"’ 


2 

289 [T U 1^^’' 

4 97 mg N/cc 


0 208 

0 318 

0 185 
0 323 

0 0226 
0 0176 


4 

Same as for Cell 2, di- 
luted with equal vol- 
ume of solvent 

0 50 

1 00 

1 

0 332 

0 512 

0 278 
0 532 

0 0217 
0 0182 


Vvcra^c 

0 0200 
±0 002 

0 0187 
±0 0007 


‘ In calculating the values of D from these figures, a correction has been ap- 
plied to compensate for the fact that the specific actmtv of the sample fell about 
25 per ce’^t during the latter part of the experiment 
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The second sample of trypsm was part of a batch freshlj prepared 
from pancreatic juice and had been subjected to two heat treatments 
Its specific activity was 60 [T U I,J|n It was dissolved to about the 
same concentration as the first sample, using as solvent, however, 0 S 
saturated magnesium sulfate brought to pH 3 0 (just red to methyl 
orange) by the addition of sulfunc aad 

Analysts of Samples — ^Protein mtrogen was prenpitated from the 
sample by addition of an equal volume of 20 per cent trichloracetic 
aad (m two cases S per cent aad was used) and heatmg just to the boil 
mg point The coagulum was collected on a hard filter paper and 
washed with 10 per cent tnchloracetic aad until the filtrate gave a 
negative test with Nessler’s reagent The preapitate was then 
washed mto a small Kjeldahl flask and the detenmnation earned 
out as desenbed by Northrop (3) 

The determination of proteoljitic activity was made by the gelatin 
viscosity method (4) ‘ 

The results of the diffusion measurements ate summarized in 
Table I 


DISCUSSION 

The value of the diffusion coeffiaent found m Expenment 2 is ap- 
parently somewhat less than that in Experiment 1 This discrepancy 
IS attnbutable to the difference in the viscosity of the solvents used, 
and disappears when one calculates the molecular radius (including 
water of hydration) from the equation (1) 

RT 


( 2 ) 




The figures are 2 72 x 10“’ cm for Experiment 1 and 2 5 x 10“’ cm 
for Experiment 2 This corresponds to an average molar volume for 
the hydrated protein of 44,700 cm ’, calculated from the equation 

(3) g - j » r> W 


The relation of this figure to the one determined by osmotic pressure 
measurements, and to the extent of hydration calculated from viscos 
it> determinations has already been discussed (2 b) 


* These measurements ■were earned out by htr Nicholas Wuest and Miss Mar 
garet R- McDonald 
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Examination of Table I shows that the diffusion coefficient of crys- 
talhne trypsin was constant, within the expenmental error, where 
(1) two widely different samples of the enzyme were used, (2) two 
diffusion cells ha\nng markedly different charactenstics vere used, 
(3) the pH was varied (4 0 in one case, 3 0 in the other), (4) the quan- 
tities of onginal solution diffusing were, respectively, 4 6 per cent, 
26 0 per cent, 2 1 per cent, and 14 0 per cent, (5) the result was de- 
termined by the rate of diffusion of both proteolytic activity and pro- 
tein nitrogen In other words, despite these widely varying condi- 
tions, no evidence was found that it is possible, by fractional diffusion, 
to separate crystalline trypsin into a component responsible for the 
proteolytic activity and one containing the protein nitrogen This is 
direct expenmental evidence that the enzyme exists as an integral 
part of, or in chemical combination with, the protein molecule, and 
not as part of an adsorption complex It is also of interest that the 
molecules formed by spontaneous inactivation of the enzyme have 
the same dimensions as those of active matenal, since the specific 
activity of the partially inactivated sample was not changed by 
diffusion 


SUiniARY 

The diffusion coefficient of crystalline trypsin in 0 5 saturated 
magnesium sulfate at 5°C is 0 020 ±0 001 cm - per day, corresponding 
to a molecular radius of 2 6 x 10“’ cm 

The rate of diffusion of the proteolytic actmty is the same as that 
of the protein nitrogen, indicating that these two properties are held 
together in chemical combination and not in the form of an adsorption 
complex 

The author vnshes to take this opportunity to thank Dr John H 
Xorthrop for suggesting these ex-pcnments, and Dr Moses Kunitz for 
his 1 ind cooperation in conducting them 
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ANALYSIS OF THE GEOTROPIC ORIENTATION OF YOUNG 
RATS vn 

By W J CROZIER akd G PINCUS 

(From the Laboratory of General Phvstolosy, Eanard University , Cambridge) 
(Accepted (or publication, March 17, 1933) 

I 

Measurement of the geotropic onentahon of young rats creeping 
upon an inclined surface has lead to a theory of the orientation For 
a number of well mbred lines of rats tested, the relationship between 
angle of onentation d on the inchned surface and the slope of the sur- 
face (a) IS a speafic, characteristic, reproducible property The curve 
connecting 0 with a, for a standard age of individual (13-14 days), 
defines the tropistic onentation as a type of performance, in terms of 
an essential condition of the performance ' The curve for each race 
of rats IS compound, compnsmg three segments, each of these segments 
behaves as an independent hentable unit in crosses between different 
races (Crozier and Pincus, 192^30a, b, 1931-32 c) The complete 
curve, extending from a threshold slope of surface to an upper slope 
beyond which no further sigmficant increase in extent of upward 
orientation is apparent, is interpreted as resultmg from the fact that 
two elements are concerned m the sensory exatabon which results m 
the onented creeping One of these is the magnitude of the gravita 
tional pull expenenced by the legs which support and propel the body 
mass, the second is the frequency with which this gravitational pull 
acts upon the legs Each of these elements is directly controlled bj 
the slope of the surface upon which creeping takes place, the speed of 

1 In a discussion of this matter which is not at all clear, von Buddenbrock (1931, 
pp 716 et seg ) claims that this performance is not tropistic m character, but is a 
manifestabon of a Tiigher activity but he completely ignores the development 
of the quantitative treatment which derives from the elementary assumpbon as 
to the nature of a tropistic performance (Crozier, 1929) namely that onentabon 
13 mamtamed when excitation is sensonallv equivalent upon the two sides of a 
bilaterally symmetrical organism 
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creeping is almost a rectilmear function of log sin a, this permits 
differentiation of the curve connectmg 6 with log sm a, m such a man- 
ner as to reveal the distribution of thresholds for the excitation of 
diverse sensory elements (excitation units) as dependmg upon the 
slope of surface (Crozier, 1929, Crozier and Pincus, 1929-30Z), 1931- 
32 b, 1931-32 d) The role of the magmtude of the gravitationally in- 
duced pull supported by the legs in creeping is tested directly by the 
imposition of additional loads, and the predictable distortions of the 
curves connectmg 6 with log sm a are obtamed (Crozier and Pmcus, 
1929-30 &, 1931-32 d) 

It is a matter of considerable importance to provide an independent 
test of the propnety of the assumption that the speed of creeping is a 
separate element m the determination of the magnitude of the exata- 
tion The speed of creepmg is taken as the only practicable measure 
of the frequency with which the legs are called upon to support the 
gravitationally mduced pull The appropnate test is provided by 
treatments of the young rats which, without the imposition of addi- 
tional loads which must be earned, or other rearrangements of leg- 
supported tensions, wiU automatically force the rats to creep at higher 
speeds The most convenient way of doing this is by the injection of 
suitably adjusted doses of adrenahn Qualitatively, the expected 
effect IS produced In terms of the antecedent anatysis it is to be 
expected that m a broad way the effect of forcing the legs to move more 
frequently should be entirely similar to that produced by the imposi- 
tion of an added load It is to be expected, furthermore, that the 
threshold slope of surface for the ehcitation of definite onentation 
should be found lower than m the absence of higher speeds of pro- 
gression, but that at the new threshold slope the onentation angle ob- 
tained should be statistically identical with that charactenstic of the 
threshold slope of surface which obtams for the untreated rats 

II 

Not only is it true that the onentation angle 0 as a function of the 
slope of surface is a charactenstic property of each pure hne tested, 
but it has been demonstrated m addition that the varialnUty of onenta- 
tion IS also a constitutional property The scatter of the mdividual 
determmations of 6 at each of a number of slopes of surface, measured 
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by the respective a-'s, is a rectilinear function of sin a for the un- 
weighted, untreated rats, the relative vanation of performance (<r/ff) 
IS also a rectilinear function of 6, and the quantity which has been 
termed “the proportionate modifiable variation” (Crozier and Pincus, 
1931-32 a, etc ) is likewise a characteristic raaal property The sev 
eral mdices of vanabihty behave in a charactenstic manner m individ 
uals produced by cross breedmg (Crozier and Pmcus, 1931-32c, and 
Paper X) 

Since these methods of measurmg and expressing vanation of per- 
formance permit a very prease indication that the observations con 
cemed which satisfy these cntena are free from individual bias or 
idiosyncrasy due to the observer, and are competent to express an 
organic mvanant of a particular race under the conditions thus far 
explored, it becomes possible to raise as a fundamental issue the ques 
tion as to what is reallv meant by a statement to the effect that a given 
method of experimental treatment, or an alteration due to a spontane- 
ous or other orgamcally determmed constitutional change of an or 
ganism, has “increased” or “decreased” this organism’s variation of 
performance The whole question of the nature and meamng of ‘ vana- 
tion of response” is indeed at issue (c/ Crozier, 1929) The problem 
IS somewhat analogous to that which we have already discussed 
(Crozier and Pmcus, 1927-28, 1929-30a, b) in the case of measures of 
total performance The fact that for certam of our Imes the curves 
connecting 6 with a cross one another shows that it is impossible to 
charactenze the respective geotropic performances except by the com 
plete representation of the creeping curves — no mere measure of maxi 
mum performance, for example, is anything but misleadmg, the be 
havior of the segments of the respective curves m cross breeding tests 
amplifies the ground for this position So also in the consideration of 
lanabihty, variation of performance must be considered as a function 
of the performance before a significant index of vanabiht> can be ob 
tamed That significant measures are obtainable by this procedure 
IS amply demonstrated by the fact that the indices of vanation secured 
on this basis are constant withm narrow limits for each race, but differ 
pronouncedly for the several races In practice, then, it will not be 
adequate to state that under a given set of constant conditions the 
root mean square deviation of the measures of performance has been 
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increased or decreased with reference to a chosen standard The be- 
havior of the total variation of the performance, and the measurement 
of that fraction of the total which is modified according to the intensity 
of excitation, is the necessary basis for any discussion of changes which 
may be induced m vanation of performance It is easy to show that 
divergent results of completely contradictory superficial significance 
may be obtained unless this procedure is followed 
This paper is concerned primarily with these two points (1) the 
distortion of the fundamental 6 - a curve as the result of injection of 
young rats of standard age with a sufficient dosage of adrenahn chlo- 
ride to produce an appreciable increase in the speed of progression dur- 
ing geotropically oriented creeping, (2) the modifications thereby in- 
duced m the measures of variation of performance An important 
additional point which the latter consideration enables us to deal with, 
IS connected with the suspicion (Crozier and Pmcus, 1931-32 c) that 
the total vanation of performance, or the fraction thereof which is a 
function of the intensity of excitation, may be determined by the 
total number of effective sensory elements affected through tension in 
the musculature which supports and moves the animal’s mass 
The discussion thus far has been restncted to the consideration of 
the performance of young rats of standard age (13-14 days after birth) 
It becomes of very considerable interest to extend these considerations 
to the treatment of the orientation of adult rats In this case, two 
possibilities are apparent, and there is no means of deciding before- 
hand, nor any necessity to decide, which of the two may be expected 
either the total number of effective “sensory units” or units of varia- 
tion may change with age, or these numbers may appear as racial 
invanants To this aspect of the problem we shall turn in the succeed- 
ing paper 


ni 

The present expenments are concerned with young rats of race A, 3 
mdividuals (2 males, 1 female) from the 23rd generation of this inbred 
hne with which many previous observations have been made {cj 
Crozier and Pmcus, 1931-32 o, and subsequent observations) The 
method of observation has been discussed previously (Crozier and Pin- 
cus, 1931-32 o) These rats received mtrapentoneal injections of 2/5 
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cc of adrenalin chlonde 1 50,000 in stenle Ringer solution before each 
set of measurements Control observations, employing injection of 
Ringer solution only, show ed no disturbances ■whatever of the funda 
mental B - a relationship to be traceable to the fact of handhng and 
injection Antiseptic precautions 'were employed Beginmng 1/2 
hour subsequent to the injection and continuing for several hours 
thereafter, creepmg on the mchned surface is “steadier,” swifter, 
creepmg is relatively unmterrupted, there are practically no long waits 
between penods of spontaneous creeping such as are involved in obser- 
vations on the uninjected, “normal” young rats Repeating the m- 


TABLE I 


jMean orientation angles (6) as a function of slope of surface (a) for >oung mts 
of strain A, injected i hour previouslj, intrapcntoneally, with 2/5 cc of adrenalin 
chlonde 1 50 000, 3 litter mates (2cf d*, 1 9) « ■= 40 observations on each 


Ord«r oi measutetacot 

a 

0 

P£., 


Jet ets 

Jetnts 

detrm 

7 

12 S 

54 05 

dll 99 

6 

15 

59 85 

1 87 

9 


61 70 

1 87 

2 

25 

65 46 

1 60 

1 

30 

70 11 

1 40 

S 

40 

73 89 

1 22 

3 

50 

73 43 

1 38 

8 

60 

78 14 

0 86 


70 

78 21 

0 79 


jections after 24 hours leads to an identical succession of events The 
sequence of observations was so arranged (Table I) that no unfair influ 
ence upon the readings at any one slope was to be looked for 
In Fig 1 the data of Table I are plotted, as well as the standard 
curve for unmjected A rats, the latter is taken from the matenal in 
previous papers, with which sundry subsequent determinations show 
quantitative agreement The curve for the mjected rats is possibly 
modifiable at its low er end, but as drawn it passes through the standard 
deviations of the two lowest pomts The effect of the mjection with 
this particular dosage of adrenahn is clearly such that (1) it lowers the 
threshold slope of surface from approximately « = 20° to a = 12 5°, 
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(2) nevertheless, at this new, lower threshold slope the threshold 
orientation angle, the threshold response, is statistically identical with 
that obtained at the threshold slope of surface effective for the unin- 
jected rats, (3) the curve connecting Q with a has been distorted in 
precisely the same manner as it is (Crozier and Pmcus, 1929-30 &, 
1931-32 &) by the addition of a mass of approximately 2 5 gm on 
the saddle region, the lower portion of the curve has been pulled out to 
the left, the slope has been decreased, this is the effect which we have 
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Fig 1 Modification of the relation between mean orientation angle B and slope 
of surface (a) with young rats of race A, by mtraperitoneal mjection with 2/5 
cc adrenalm chlonde 1 50,000 The standard curve is derived from many pre- 
vious measurements with fitters of race A The effect is exactly analogous to that 
obtamed by the carrymg of an additional load of approximately 2 5 gm on the 
saddle of such young rats 


attributed (Crozier and Pmcus, 1929-306, 1931-325) to the brmgmg 
mto action of additional receptor umts at slopes of surface much below 
those charactenstically reqmred for their normal activation, (4) this 
imphes a flattened, intermediate region in the curve, as Fig 1 shows 
to be m fact demonstrated, and it reqmres further, in terms of the 
antecedent analysis, that the uppermost portion of the 0 - a curve 
should under these conditions he below the standard curve for im- 
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treated young rats Qualitatively, therefore, the effect of adrenahn, 
involving the increased frequency in the use of the legs during the exe- 
cution of oriented trails, is preasely that which the assumption under- 
lying our differentiation of the 0 - log sin a graphs (Crozier and Pmcus, 
1929-30i) has imphed 


IV 

The theory of the measurement of vanahhly for cases of this type 
requires that the relative variation of performance should be a recti 
hnear function of the intensity of excitation The latter is measured 
by the onentation angle fl (Crozier and Pmcus, 1929-306, 1931-32 o) 
Fig 2 shows that for the senes of measurements m which adrenahn 
has been mjected, the ratio 100 P E ,/fl is a declming rectilinear func- 
tion of 6 From this graph, extending from threshold B to maximal 
6, the following indices are directly computed (1) the vartaiion mm 
her, V N„ (2) the Mai rclattie vartalton, namel>, the area under the 
graph, (3) and the proportionate modifiable vartalwit, namely the frac- 
tion of the total area under the graph which is included in the upper, 
tnangular portion From the earlier expenments with untreated A 
rats we already know that for this race each of these quantities is a 
statishcal constant, at the standard age The respective values are 
given m Table n, together with the values obtained from the senes of 
measurements with the adrenalized rats 

The variation number, V N „ corrected for size of sample in the 
usual nay (Crozier and Pmcus, 1931-32a, 1931-32e), is 3 64 for the 
adrenalized rats For the untreated A rats (Crozier and Pmcus, 1931- 
32 d) this index has the value 2 56 in the same units We have already 
demonstrated that the magnitude of this index is in no manner dis- 
turbed nhen the young rats are forced to carry added loads (Crozier 
and Pmcus, 1931-32 e) Fig 3 shows that with samples of equal 
statistical weights the estnnation of vanation of performance, as by 
a P E , can give nusleading results when the companson is rcstncted 
to a single slope of surface With the adrenalized individuals the 
relativ e vanation of performance is more sharply restncted by increas 
mg the mtensity of exatation through elevation of the surface on 
which creeping is allow ed to occur Consideration of the total vana 
tion of performance, that is, of the area under the vanation plot. 
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<9, degrees 

Fig 2 The relative variation of performance as related to the magnitude of 
the response, for young rats of race A mjected with adrenalm The variation 
number (V N g) is 3 64, the total relative variation 127 units 


TABLE n 

Indices of variation of orientation angles for young rats of race A, with and 
without mjection of adrenalin 


Indei of vanability 


V Ns 

Total relative variation 
Proportionate modifiable vanation 


A 

(means) 

A 

with adrenalin 

2 56 

3 64 

84 units 

127 units 

56 per cent 

56 per cent 
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demonstrates that the total vanation of performance, between identi- 
cal sets of limits of intensity of excitation (0), is markedly enhanced 
in the case of the adrenahaed young rats, namely from 84 units to 
127 units In this respect the action of adrenahn is to be compared 
with that apparent when genetic influences modify the vanation of 
performance (Crozier and Pmcus, 1929-300,6, 1931-32(1, c) The 
chance of affectmg the total vanation of performance, m the present 
experiments, of course involves vanations connected with the process 
of injection, the absorption of the hormone, the reactivities of the 
individuals, and the nature of the time course of the action of the 
adrenahn ’ In fact, hon ever, the measurements show unexpectedly 
excellent agreements among the several in(hviduals Corrected for 
size of sample and for number of inchviduals, the total vanation (100 
P E s/6) vs 9, for normal young A rats and for young A rats carrying 
additional loads is identical, and amounts to an axerage of 84 4 units, 
for the adrenahzed young rats m the present senes of observations 
the total vanation is 127 umts It is to be concluded, therefore, that 
the effect of mjection with adrensim, under the conditions stated, gives 
uniform, reproducible distortion of the 6 - a curve, and at the same 
time sigmficantly increases the total vanation of 6 manifest ox er the 
entire range of slopes of surface within which geotropic onentation 
occurs 

The percentage of the total vanation which is modifiable as a func- 
tion of 6 IS completely unaffected, however, by companson with the 
findmgs for the normal young A rats For the latter, xvith and with 
out ad(htional loads earned, the proportionate modifiable vanation 
ranges from 56 to 59 per cent For the adrenahzed young rats the 
percentage modifiable vanation is still 56 per cent We have already 
indicated that there appears to be a connection of some sort between 
the proportionate modifiable vanation of 6 and the number of sensory 
units, when diverse races are compared (Crozier and Pmcus, 1931-32 c) 
It has been shown, also, and the demonstration is amplified m the 
succeeding paper, that the proportionate modifiable vanation appears 
to be a constitutional property in the sense that it is independent of 

^ It 15 obvious that the procedures here outlined should permit examination o! 
the existence and nature of vidtmdiial differences m the effects due to experimental 
treatments 



810 


GEOTROPIC ORIENTATION VII 


age of individual This would be taken to indicate that while the 
effect of injection with adrenalin has been to increase the relative 
variation of the measured orientations, this has affected equally those 
generalized aspects of variation which concern the relative variation 
of 9 at all intensities of excitation (the wimodijiablc variation) and that 



Fig 3 The relative variation of performance, corrected for the number of 
observations on each mdmdual («) and for the number of mdmduals m the set 
(iV), data upon a standard litter (A is, Crozier and Pmcus, 1931-32a) are taken 
from an earher account 

fraction of the total vanation which is limited and controlled {modi- 
fiahle) according to the mtensity of excitation 

It has been pointed out that the 9 - log sin a curve is distorted, 
imder adrenalm, in a fashion exactly analogous to that evidenced 
when a weight of approximately 2 5 gm is attached m the saddle posi- 
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tion (Crozier and Pincus, 1929-304, 1931-32 4), the differentiation of 
d - log sin a curve shows that the area under the curve obtained by 
plotting (A0/A log sin a) against stn a is a httle lower than with that 
for the curve given by the untreated rats, the curve so obtained, giving 
a picture of the distnbution of the tension thresholds for the receptor 
units involved, is of course entirely similar to that gotten with poster- 
iorly located additional n eights of 2 1 gm (Crozier and Pmcus, 1929- 
30 4, 1931-32 4), although a httle more extreme The area under this 
curve cannot be directly compared with other analogous determma- 
tions for the A race, smce the proportionahty factor involved m the 
differentiation is different, and consequently the magnitude of the 
units on the ordmate scale The fact that the proportionate modi 
Cable variation of performance remains fixed under these diverse 
conditions mdicates once more (Crozier and Pmcus, 1931-32 4) that 
it reflects a fundamental property of the race of mdividuals considered 

Since the curve connectmg 6 with log sm a for the adrenalin in 
jected rats is almosl rectdinear, one may consider P E ,/0 as a func- 
tion of log sm o, V N loj a = 2 5, shghtly lower than with the 
untreated yl’s (2 82) , the percentage modifiable vanation computed 
on this basis is about 52 per cent We also expect that PE, should 
be nearly a rectihnear function of sm a (Crozier and Pincus, 1931-32 b) 
and this is practicallj^ the case At given slope of surface, however, the 
variation of B is higher nith adrenahn (Fig 3) 

V 

It IS pertment to mqmre as to the manner m which the effect of the 
injection of adrenahn could be expected to influence the geotropic 
onentation We have been more particularly concerned to obtam 
an mstance lUustratmg the fashion in which the analysis of variation 
of performance must be approached, than m deadmg upon the nature 
of the effect of any particular substance when mjected It is clear, 
however, that the mere fact of mcreased frequency of steppmg could 
be regarded as brmging mto action more frequently, and consequently 
with mcreased "mass” effect, an mflux of self generated (propnocep 
tive) impulses which could be conceived to modify the state of exat- 
ability of the central nervous system m a very general waj This 
could not be traced to a mere increase m the frequencj of steppmg. 
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as the expenments with added loads clearly demonstrate the absence 
of any such effect (Croaier and Pincus, 1931-32 b) An influence of 
the adrenahn upon muscular tonus, such as is actually observable in 
the shghtly different, more flexed, posture of the legs, might be ap- 
pealed to m such a case This could be expected to contnbute about 
equally to the possibihty of several kinds of deviations from the 
exactitude of the onented responses In a foUowmg paper we shall 
have occasion to point out that with suitably prepared adult rats of 
race A this effect of adrenahn is not at aU apparent, in this case, 
the total vanation of performance, for a given magnitude of 0, is 
m no respect different from that with untreated adult A rats, although 
the effect of adrenahn upon the 0 - a curve is in character entirely 
similar to that which the present expenments with the young rats 
reveals 

It IS difficult to see why the effect of injecting adrenahn should be 
analogous in all respects (save that involving variation) to the effect 
of an added mass located postenorly at the saddle position on the 
back One must suspect that the adrenahn acts differentially, under 
these conditions, upon the excitation of postenorly located tension 
receptors, that is, receptors m the postenor pair of legs Why this 
should be the case we cannot at the moment decide, and it is imma- 
tenal for the present argument 

SUMMARY 

The intrapentoneal injection of standard young rats of race A with 
2/S cc of adrenahn chlonde 1 50,000 results in increased speed of 
geotropically onented creeping upon an mchned surface It was ex- 
pected that the effect of such increased frequency of stepping must be 
analogous to that due to imposition of added loads carried by the 
rats during geotropic progression This is venfied The curve con- 
necting 0 with log sm a IS distorted, imder adrenahn, so as to be com- 
parable to that obtained with an added mass of approximately 2 5 gm 
upon the j'^oung rat’s saddle, the threshold slope of surface for onenta- 
tion IS accordingly lowered, from a = 20° to a = 12 5°, at the new 
threshold slope of surface the mean onentation angle 0 is the same as 
in the absence of adrenahn at the corresponding threshold slope of 
surface 
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The tolal variation of perfortnance is significantly increased in the 
injected rats, and at given slope of surface the vanation is slightly 
increased The proportionate modifiable variation of response is quite 
unaffected by the distortion of the 6 - a curve, and is the same as in 
standard young A rats untreated or carrying additional loads 
It IS pomted out that for the consideration of the problem as to 
whether a given experimental treatment, or a given natural situation, 
affects in any wav the vanation of performance of a hvmg system, it 
IS necessary to obtain indices of vanability which involve the expres- 
Sion of vanation of performance as a function of measured conditions 
governing the performance 
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r 1 

The rate of Oj consumption of a single strain of yeast, Saccharo 
myces cermstae, engaged in the metabohe conversion of dextrose, was 
studied as a function of temperature in the range 3-35°C An expres- 
sion of the relationship was sought in the Arrhenius equation ks/k\ = 

s- C- - -I 

g R \Ti ti! -where ki and ks ate veloaty constants (or figures 
proportional thereto) at the absolute temperatures Ti and Tj, c is the 
base of natural logarithms, K is the gas constant, and )i, called by 
Crozier (1924) for such cases the “temperature characteristic,” is a 
constant with the dimensions of calorics per gram molecule 
The constant ji was used throughout the experiments as an index of 
the rcproducibihty of the relation rate of uptake of Oj to temperature 
Data upon the constancy of this relation were desired for companson 
with temperature characteristics calculated from rates of reduction of 
cytochrome m the same strain of yeast ’ 

It IS realized that m studymg such temperature relationships one 
15 probably deahng with the partiapation of a large number of sepa 
rate processes in the consumption of oxygen The measurement, rate 
of Oj uptake per unit number of yeast cells, represents the total 0 
consumption of all these metabolic processes That the total Oj 
consumption of all the processes per unit tune, when studied as a 
function of temperature, should satisfy the Arrhenius equation might 
perhaps seem improbable It might seem that at constant tempera 

• Ralional Research Council Fellow in Biological Sciences at the time that 
most o£ this work was done 
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ture the veloaty constants of the reactions using O 2 would diff er 
widely among themselves, and also their cntical increments, so that no 
regular hnear agreement in the terms of the Arrhenius equation should 
obtain Nevertheless, the organization of the diverse cellular proc- 
esses IS such that m some fourteen kinds of related expenments — 
ranging in diversity from the O 2 consumption of yeast to the O 2 
uptake of goldfish — the data do obey _ the Arrhenius equation with 
great precision, and moreover give values of the constant /i which fall 
into definite classes for which the extreme values do not depart by 
more than 5 per cent from the modes 

Crozier (1924, 1924-25) has proposed that m biological systems 
the constant fj. may refer to the formation of active molecules or 10 ns 
of the catalyst controlhng the velocity of the slowest process m a 
catenary or otherwise interrelated senes of reactions possessmg differ- 
ent cntical mcrements It is thought that the velocity of the orgamc 
activity as a whole is controlled by some substance or by such a 
d}TiamicaUy linked system of changes What actual chermcal reac- 
tions or units of cellular organization are hnked together in this 
manner, how a control of veloaties is established yielding such close 
agreement of values of ju, and correlations with thermal increments 
obtained in purely chermcal reactions, are still subjects of investiga- 
tion Perhaps by aid of biochemical procedures such as those de- 
veloped by Keihn (1929, 1930), Quastel and Wooldndge (1927cr, b), 
Harden (1932), and others, it may be possible to gam further informa- 
tion desired for this inquiry 


II 

Methods 

The rate of oxj’^gen utilization was measured with Barcroft differential manom- 
eters, usmg cups of 35 ml capacity havmg a vertical tube 6 mm m diameter 
and 20 mm high sealed m at the bottom to hold 5 per cent KOH for absorption 
of carbon dioxide It is absolutely necessary to increase the surface of the KOH 
solution by usmg small rolls of filter paper (cf Keilm, 1929, Dixon and Elhott, 1930), 
to insure complete absorption of CO 2 It was found that shakmg at a frequency of 
120 complete oscillations per mmute with a distance of travel of 3 cm was neces- 
sarv' to obtam reproducible rates of oxygen utilization Dixon and Elliott (1930) 
have thoroughlv mvestigated this pomt 

The calibration constant for each Barcroft differential manometer was obtamed 
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by the method ongmally described by Hoffman (1913-14), and Eubsequentl^ 
simplified b> Mtoer and Neumann (1917) At constant temperature (20® :k 

0 01®C ) small volumes of air measured xath a calibrated 1 ml pipette graduated 
m hundredths v.ere added to the right band vessel of the manometer After cor 
rectmg for the “dead space' between the right hand tap of the manometer and 
the surface of the mercury m the pipette bv a modification of the method of 
Mtmzer and Neumann (1917) the calibration constant K was calculated by the 

p 

formula K ■= -, where v = volume of air in c mm , and p pressure of the manom 
P 

eter fluid m mm The right hand vessel was always used for measurmg the 
rate of O 2 uptake At the time of calibration each vessel contamed 3 0 ml of 
phosphate buffer at pH 7 3, 0^ ml 5 per cent KOH, and a small roll of filter 
paper (the volume and area were kept constant for all calibrations and subsequent 
experiments) 

The set up of apparatus and the procedure of calibrating were essentiall> the 
same as those emplov ed b> MUnzer and Neumann (see their Fig 3, also, Stephen 
son 1930, p 271) 

MUnzer and Neumann (1917) showed that K is mdependent of the temperature 

1 tested this pomt for the same manometer at constant barometric pressure The 
values of K were as follows at 20® iC 3 94 at 40®, iC - 4 00 The deviation is 
■withm the eiperunental error of determining the v’alues of the constant 

The value of K vanes reciprocally with the barometne pressure (cf MUnzer and 
Neumann, 1917) A correction for this variation was made for each delermmation 
The example given below shows the steps m the calculations 

A correction for the absorption of oi^gen at different temperatures was not 
made since it was lound bv calculation that sudi a conection made a difference ol 
only 0 4 per cent in the ratios of rates of 0 uptake at temperatures 10 apart m 
the range from I5-30®C and 0 9 per cent m the range 4-14® and so would not 
appreciably change the significance of the values of the temperature characteristics 
obtained 


Sample Calculation 

hlanoraeter No 74 K « 3 26 at 743 mm Hg barometne pressure at time of 
calibration 

Experiment — March 11 

Right vessel contamed 3 ml of >east suspension, 0 3 ml KOH roll filter paper 

Left vessel contamed 3 ml phosphate buffer, 0 3 ml KOH, roll filter paper of 
exactl> the same size and weight as m right vessel 

Temperature was o5 5®C 

Barometne pressure was 74$ mm Hg at tune of determinmg 0 consumption 
Vessel constant at 746 mm - 3 257 (corrected for barometne pressure) 

Average rate 0 uptake “ 51 35 mm per 10 minutes {cf Fig 1 for method of 
calculation) 
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Average rate O 2 uptake == 166 73 c mm per 10 mmutes at 746 mm Hg by 
the formula v = Kp 

This procedure was followed in calculatmg the rate of O 2 consumption at each 
temperature m a senes of determmations Where measurements were made 
at different barometric pressures, the rates were adjusted to some one barometric 



Fig 1 Oxj^gen consumption by suspensions of yeast Ordinate, volume of O 2 
taken up, measured as total change m pressure, abscissa, time Rates of con- 
sumption of O 2 were calculated from such graphs The rate of uptake of O 2 is 
constant durmg the period of observation and throughout the range of temperatures 
employed (3-35°C ) The number placed under each temperature refers to the 
particular manometer used 

pressure over the whole range of temperatures In this final form the data were 
then plotted accordmg to the Arrhemus equation 

A procedure ehmmatmg the use of a calibration constant was also employed 
for a senes of determmations of the temperature characteristics (c/ p 825, Method 
C) The values of the temperature characteristics as calculated from these rela- 
tive rates of respiration agree to withm 4 per cent with the averages obtamed by 
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the use of absolute rates of Oa consumption Table I) It is concluded that the 
simplified procedures used m calibrating the vessels and m calculating the \ olumes 
of O 2 consumed per umt of time vrttt sufficiently accurate for the purposes of this 
investigation 

A method of calculating calibration constants suggested b\ Dixon (pnvate 
communication) -was also apphed to the data obtamed m these experiments The 
calibration constant K obtamed by the MUnzer and Neumann method istis first 
corrected to N T p and dryness at 20®C (the temperature at •which all calibrations 
V. ere made) , yieldmg a new constant ^1 Smce vanes as 1 /T when the volume 
of the gas dissolved m the hquid m the vessels is neghgible compared with the 
volume m the gas phase (the conditions m these experiments), another constant, 
Ki, ■was calculated for each temperature at which the consumption of 0 was mcas 
ured The rate of Oj consumption was then obtamed by the equation v k^p 

The average temperature characteristics obtamed by these two methods differ 
only by 1 4 per cent m the range from 4-15'’C and by 1 1 per cent m the range from 
15-30 C The difference between the average rates of respiration calculated by 
these two methods is also small- — at 22 8®C 116 4 c mm per 10 mmutes b\ the 
Mlinzer and Neumann procedure and 113 3 c mm per 10 minutes by the Dtfon 
procedure, at 7 8 C , 27 8 c.mm per 10 minutes by the Miinzer and Neumann 
method and 28 33 c.mm per 10 minutes by Dwon s method For convenience 
the MUnzer and Neumann method has been used throughout this paper m calculat 
mg the rates of consumption of oxygen The small differences between the values 
of the temperature characteristics as obtamed by the two different methods of 
calculation do not change the mterprctation of the results For a more critical 
determination of the magmtudes of fi greater refinement m culturmg yeast and 
greater precision in measunng its rate ol respiration are required 

The > east used ■was obtamed through a local dealer from N V Nederlandsche 
Gist-en Spintusfabnek Delft, Holland and was stated b> the companj to be 
“nearly a pure culture as far as this can be obtamed by production on a large 
scale ’ Indeed, these experiments contam additional proof that, over a period of 
6 months veast from this source behaved pb> siologicallv as a pure culture 

Whenever it was necessary to keep the number of cells constant for experiments 
made at a senes of temperatures on different da>'S the foUoiving procedure was 
employed 0 2 to 0 8 gm. of fresh yeast was weighed out and suspended m 100 ml 
of m/15 phosphate buffer mixture of pH 7 3 By centrifuging samples of this 
suspension m graduated Hopkins ■vaceme lubes it was possible to estimate the 
number of cells per ml , and then by dilution to keep the relative number of cells 
per mk equal throughout all the experiments This method, however, giv'es no 
means of estimatmg or of adjustmg the number of active respiring cells 

A method of amvmg at an mdex of the volume of “hve cells ’ or better the level 
of the rate of oxygen consumption for each suspension, w-as tned m one senes of 
experiments (c/ p 825) The rate of ox>*gen uptake of each fresh suspension was 
detennmed at the same temperature (5®C) the percentage difference from a 
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selected rate (20 c mm per 10 mmutes) was then used m correctmg the rate ob- 
tamed at higher temperatures, m the manner illustrated by this example 


Suspension April 12 Rate at S 0°C 

21 5 c mm 

per 10 mm 

Standard rate 

20 0 “ 

“ 10 " 

Difference 

1 5 


Per cent difference 

7 5 


Rate at 18°C 

62 0 c mm 

per 10 mm 

< Corrected rate at 18°C 

57 35 “ 

“ 10 “ 


In this manner the rates were adjusted for all the temperatures m the series 
(c/ hne B of Fig 3) 

This method has limited apphcability smce it can be used only when the supply 
of yeast is produced under identical conditions of culture throughout the entire 
penod of experimentation Warburg (1927) found that the same stram of yeast 
cultured m different media or under different conditions juelded values of Qoi 
(c mm of Oo per hour per mg drj-^ weight) which differed widelj^ The yeast used 
m these experiments was produced under identical conditions throughout the 
entire period of the mvestigation 


in 

Detenmnatwn of Temperature Charactenshcs 
Method A 

0 8 gm of yeast was suspended m 100 ml of buffer solution at pH 
7 3 The suspension was kept m an ice bath at 1-2°C Sufficient 
dextrose to make a 1 per cent solution was added to 25 ml of 
the suspension 1 hour before beginning the determination of its rate 
of oxygen uptake, dunng this penod oxygen was constantly bubbled 
through the suspension, which was kept in the ice bath The cups of 
the manometers were rapidly prepared, with 3 ml of the suspension 
m each nght cup and 3 ml of buffer rmxture m each left cup The 
manometers were immediately placed in the thermostat and shaken 
at the rate of 120 oscillations per minute After 15 minutes had 
elapsed for temperature equihbnum, the stop-cocks were closed 
and readings taken every 8 or 10 minutes 
The constancy of pH of the yeast suspensions was ascertained at 
different temperatures with Clark-Lubs indicators This method is 
suffiaently accurate for the purpose (Data of Hastings and Sendroy 




plotted according to the Arrhenius equation m called the (anpcralitre diaractertsitc 
computed from the slope of the graph is a constant ha\'ing the dimensions calones 
per gram molecule. 

These three sets of data resulted from cxpenments made on three suspensions 
of jeast Each run lasting not more than 9 hours was made on the same day 
In each experunent the thermometric scale was first ascended by mlervals of 2-3* 
Observations at alternating temperatures were made b> descendmg the tempera 
ture scale m similar steps Thus anv change m the rate of respiration of the stock 
suspension (which w'as kept at 1-2 C ) could be detected m the scatter of the pomts 
on the anth log plot (See also text for further comments on the constancy of the 
rate of uptake of O3 b> the stock suspension ) 

Each pomt is an average of at least four rates obtained as shown in Fig 1, for 
separate samples of a stock suspension 

Above 30 the data are too few to gi\c great v eight to the value of fi the de 
terminations are chieflv useful m locating the cntical temperature at 29* 

The suspension dated u-13 contained 0 007 gm of jeast (wet weight) per ml 
ii-2d 0 007gm per ml ui-ll OOOSgm per ml 

Calibration constants obtamed b> the Miinzer and Neumann procedure 
821 
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(c/ Clark, 1928) show that a m/15 phosphate mixture of pH 7 3 
changes only 0 02 pH when the temperature is raised from 20° to 38°C ) 

For suspensions containing 0 002 gm of yeast per ml and 1 per cent 
dextrose, it was found that the pH remained constant at 7 3 for 3 
hours at 16 4° (the rate of O 2 uptake remaimng constant for the same 
period of time), and for 2 hours at 35° A suspension contammg only 
0 004 gm per ml remained constant for 1 hour at 35°, and for 30 
hours at 1-2°C Smce the determmations of rate of O 2 consumption 
were made in 30 mmutes at 35°, m 50 rmnutes at 16°, it can be assumed 
that the data were all obtamed at constant H ion concentration 

The temperature of the thermostats was held constant, varymg, on the average, 
by less than rfcO 1°C Above room temperature the coohng of the thermostat 
was exactlj' balanced by addmg heat from a long carbon filament lamp whose 
depth of immersion was adjustable and whose heat could be regulated by a hand- 
operated rheostat Below room temperature a special coohng unit was devised 
(Stier, 1931) as a substitute for the more eicpensive SO 2 compression cucmt (Cro- 
zier and Stier, 1926-276) which can be used for low temperature thermostats 
This device consisted of a copper funnel whose spout was closed by a rubber stopper 
and had a hopper of heavy hnoleum attached to its top The hopper and funnel 
were filled with pieces of cracked ice about the size of a walnut Water from the 
meltmg ice was removed by a suction Ime attached to a water aspuator The unit 
was attached to a rmg-stand by a clamp which allowed the conical portion of the 
funnel to be lowered mto the water bath to various levels In operatmg the 
device, a depth of immersion is found, by trial, where the heat removed from the 
bath IS about equal to the heat added from the surroundmgs 

In the absence of a system of automatic thermoregulation a position of balance 
was mamtamed by frequently readmg the temperature on a calibrated thermom- 
eter (about once everj^ 4 rmnutes) and then adjustmg the depth of immersion of 
the coohng unit m the thermostat Temperatures as low as 3° when the room 
tempera true was 16° were mamtamed to withm ±0 05°C With automatic 
thermoregulation, this coohng unit (with certam modifications) has given a con- 
stancy of temperature regulation withm ±0 007°C (Stier, 1931) 

By usmg 4 thermostats it was possible m one senes of determinations 
to make 32 measurements of rates of O 2 uptake at 16 temperatures in 
91 hours over the range 16-35°, in another senes of expenments 34 
determmations were made m 9 hours at 17 different temperatures over 
the range 4-30°C - In these two sets of expenments I was assisted 

- See legend of Fig 2 for comments on the constancy of the rate of oxy'gen up- 
take of the suspension durmg the 9 hour penod of experimentation 
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in making observations by Professor Barcroft, Dr G Enders, and 
Dr P Rothschild, to whom I am deeply mdebted for this help 
Experiments on smgle suspensions of yeast are recorded in Fig 2 
The average values of the temperature characteristics (/x) for two 



Fig 3 The data plotted on lines B and C were obtained on different daj's, a 
new suspension of yeast being made up for each detennmation The methods of 
correcting the rates of Oj uptake for vanation in the number of cells m different 
suspensions are explained m the text 

Each suspension contained 0 016 gm. (wet weight) of jeast per ml of buffer 
mixture 

Calibration constants calculated bj the Mtozer and Neumann procedure 

senes of experiments (February 26 and March 11) i\ere found to be 
35-30^, M *= 8,290 calones, 3£?-^5^ -= 12,730 ± 270, 75-3°, jx - 

19,340 In a shorter senes covering the range 15-3°, the \aluc of /x 
was found to be 19,760 calones 
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Method B 

The values of the temperature characteristics secured by Method A 
■were compared with values obtained by a procedure m ■which a fresh 
suspension was employed at each temperature To correct for any 
vanation m the total number of ‘‘live cells” m new suspensions made 
up on different days the method of adjustment described on p 820 
was used 

Line B of Fig 3 gives the data obtained by this procedure, the loga- 
nthms of the rates being plotted against the reaprocals of the absolute 
temperatures according to the Arrhenius equation The graph is 
similar to that obtamed by the previous method of e-rpenmentation 
The points he on two mtersectmg straight hnes, the values of the 
temperature characteristic being 30-15”, /jl = 12,100, and 15-5°, p = 
19,400 

Method C 

Method C consisted in calculating ratios of 0 uptake for the tern 
perature range 3-30°, thereby endeavoring to ehmmate such errors 
as might have entered the data dunng their conversion from readmgs 
of pressure m mm of manometer fluid to rates of 0 uptake m c mm 
at normal pressure (or at some one pressure for the whole range of 
temperatures) These ratios were obtained for the same manometer 
by di^vndmg the pressure difference between the two arms of the manom 
eter, per unit tune at 5°, into the ram difference in pressure appear 
mg per unit of tune at each of thuteen different temperatures When 
these data were plotted according to the Arrhenius equation (hne C of 
Fig 3) the points were fitted by two straight hnes intersecting at 
IS 8°C 30-15°, n = 12,180, and f5-3°, n = 19,600 

Fio 4 Mass plot of the data presented in Fig~ 2 and 3 The rates of 0 con 
sumption from the different experiments are brought together with data in the 
senes marked ‘ iv-22-29 ' b\ muftiplving each arerage rate of Or uptake m a 
series of determmations b> a factor for senes u-f3 factor taken at 8 6® « I 677, 
u-26, factor taken at 11® c, 1 774 iu-11 factor taken at 22 S « 1 503 

O consumption emm perlOmmutes is given m Fig 6 

Bj Dixon s method of calculatmg cahbration constants (cf p 819) the av erage 
values of the temperature characteristics for the data presented m Figs 2 and 3 
were found to be 35-30 p « 8 ISO caloncs 30-15° p « 12 300 15-3°, p " 
19 250 
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In these experiments 5° was used as the reference temperature 
Crozier (1925-26) pointed out that this temperature occurs in a 
critical zone where irregularities often appear in the relations between 
rates of vital processes and temperature The procedure used m 
Methods B and C, may therefore be open to the criticism that the 
observed rate of respiration at the reference temperature 5° may be 
“abnormally” high or low, or irregular All the facts in the expen- 
ments, however, are in accord with the data obtained by Method A 
(1) cf espeaaUy Fig 4, where the data obtained by Methods A and B 
are brought together, (2) cf Fig 2, where determinations of rate of O 2 
uptake for temperatures below 5° fall well on the hne, (3) note that 


TABLE I 

Temperature Characteristics (p) Obtained by Dtferent Methods 


Method 

n 

Cntical 

temperature 


Critical 

temperature 


A (Feb 13) 
(Feb 26) 1 

(Mar 11) 

8,290 

29 0” 


IS 90“ 

19,760 

19,340 

B 



12,100 

15 25“ 

19,400 

C 



12,180 

0 

CO 

19,600 

Average 

8,290 

29 0° 

12,440 

16 66° 

19,630 


the average temperature charactenstics obtained by Methods B and 
C agree to within 5 per cent with values obtained by Method A in the 
range 30-15°, to within 0 25 per cent in the range 15-3° It appears, 
therefore, that the use of 5° as a reference temperature has not mtro- 
duced any large error into these particular determinations This 
matter will be thoroughly tested by future expenments 

IV 

DISCUSSION 

a 

In the pubhshed accounts of respiratory processes of yeast and bac- 
tena there are few data on rates of reactions studied carefully enough 
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at an adequate number of temperatures so that the measurements can 
be used for the kind of analysis desucd Slator’s data (1906, 1908) 
on COi production by yeast dunng fermentation are the only measure 
mentsmadeoveramde enough range of temperatures to be of any use 
for a temperature analysis ® Crozier (1924-25) calculated tempera- 
ture characteristics for these data and found that the values of ju were 
within the range of critical increments obtained for other sets of data 
on rates of respiration The temperature charactenstics are for brew- 
ery, distillery, and wine yeasts, 40-22 5°, ja = 12,250, and 22 S-5°, 
fi = 22,200 These are the same data used by Fulmer and Buchanan 
(1928-29) as the basis of their cntiasm of the curve fittmg em 
ployed in this method of temperature analysis [cf p 832) I have 
recalculated values of y. for these data and have also calculated 
temperature charactenstics for measurements of the CO3 production 
by brewer’s yeast fermentmg vanous sugars (Slator, 1908) These 
values have been recorded m Table IT The wide scatter of the obser- 
vations on the Arrhemus plot makes the significance of the calculated 
values of y very doubtful (cf footnote 3), the values are given 
only because of the histoncal mterest of the ongmal measurements 
CO production by brewery, distillery, and wine yeasts yields values 
of y varying from 12,200 to 13,600 for the range 35-20”, and 22,200 
to 25,200 from 20-5° The “break” occurs at about 20 2°C For 
COs production by brewery yeast plus dextrose, or with levulose y 
= 12,200 to 12,900, 35-20° and y = 25,300, 20-5°, "break” at 20 2° 
For brewery yeast plus maltose y = 12,100, 40-2T, and 32,200, 23- 
10°, "break” at 22 8° (C/ Table It for further comments on these 

values ) 

The temperature coeffiaent (Qio) has been employed extensively in 
the past to descnbe the "effects of temperature” on vanous activities 
of organisms Although devoid of any theoretical significance, it has 
been used also in attempts to interpret the underlymg chemical 

* Unfortunately the data are given only in the form of ratios calculated for ad 
jommg temperatures 5® apart, from rates of CO production which did not remam 
constant durmg each experiment (see Slator s sample calculation 1906 p 136) 
No mention was made of the constancy of the pH, or of the constant of the 
temperature Consequently calculations of temperature charactensUcs, or 
estimations of cntical temperatures are without much significance 
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mechanisms of vital processes The value of Qio is not constant over a 
given temperature range, its magnitude vanes as a function of tem- 
perature As a means of classif)ang vital processes by their controlhng 
reactions, basing the analysis upon correlations vuth physicochemical 
data, the “temperature coefiScient” is valueless A consideration of 
the disposition of the data in the Arrhenius plot on two or three inter- 
secting straight lines makes clear the fact that the value of Qjo depends 
upon the 10° span on the temperature scale selected for the ratio 

Crozier (1924-25, 1925-26 ft) has calculated from published accounts 
the value of /r for the relation of temperature to the velocities of 
vanous vital processes The frequency distnbution of these tempera- 
ture characteristics as calculated from practically all known senes of 
observations exhibits a number of discrete modes at 8, 11, 12, 16, 18, 
20, 22, 24, 32 thousand calories There is evidence that the values 
11,000 and 12,000 are organically distinct, similar considerations hold 
for the values 16,000 and 18,000 For living processes m which rates 
of COo production and O 2 consumption have been measured, the most 
frequently occurring values of fi have been 11,500 and 16,000 In this 
connection it is striking that data in the hterature on reactions whose 
rates are controlled by the oxidation Fe++ to Fe+++, respiration of 
echinoderm eggs with which the theory of catalysis by Fe is intimately 
connected (Warburg and Meyerhof, 1913, Warburg, 1914), and the 
deoxygenation of hemoglobin (by CO) (Hartndge and Roughton, 
1923 fl, b ) — ^in all these cases the temperature characteristic was found 
to be /I = 16,300 ± 200 calories The value fjt, = 11,500 has been 
obtained by Rice (1923) for cases where the free hydroxyl ion seems to 
be the controlhng catalyst, and the value fx = 19,000 to 20,000 for 
reactions where the unhydrated H ion is the governing catalyst Rice 
predicted that chemical reactions should fall into comparatively few 
classes, each class having its charactenstic thermal increment, where 
[X refers to the controlling catalyst of that group Crozier (1924, 
1925-26 b) found this to be suggestively vahd for vital processes, since 
the values of /x could be placed m a small number of classes (cf also 
Table II) 

In Table II I have summarized temperature characteristics for O 2 
consumption and for COo production calculated by Crozier and others 
from measurements already published From a review of this table 
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It appears that there is a system of interrelated chemical reactions 
mvolved in respiration in hving matter of diverse kinds (cf Crozier, 
1925-26) Processes as different as the frequency of “activity 
penods” of organisms (Stier, 1930) and the frequency of heart beat 
(Crozier and Stier, 1926-27 b) are under the control of this nexus of 
processes There are a number of additional unpubhshed cases 
which substantiate this view Another hne of evidence also pomts 
to a uniform organization of respiratory svstems m diverse kinds of 
hving matter Investigations by Keilm (1925), Shibata and Tamiya 
(1930), and others show that the respiratory pigments, especially 
cytochrome are widely distnbuted among organisms (from jeast to 
mammals), participating as key units in processes of cellular respira 
tion 

Table II shows that the temperature charactenstics for 0 uptake 
of yeast — 8,290, 12,440, 19,530 — as reported in this paper, have also 
been found for respiratory processes m other organisms This senes 
of temperature charactenstics is obtamed for (respiratory) pulsations 
of the cloaca m certain holothunans in Eohthnna captiva, ii = 20,500 
(Crozier, 1915, 1916), in Sticlwpiis n = 12,200 (Crozier, 1916), in 
Thyone brtarcus, aboral end intact, n = 12,300, and for the isolated 
aboral end, p = 8,500 (Crozier and Stier, unpublished) 

The “biologcal reahty” of temperature charactenstics is best illus 
trated by a senes of careful expenments on the relation of the fre- 
quency of breathing movements to temperature recently reported by 
Pincus (1930-31) Young mice of a selected hne of a dilute brown 
stram of mice and mice of the same age of an inbred albino strain gave 
certain defimte values of p and certam definite cntical temperatures 

The r, h>bnds of these 2 strains, and the backcross generations to either 
parent stram, exhibit only those 4 values of the temperature characteristic ob- 
served m the parent strains and none other One may therefore speak of the 
inhentance of the value of the constant p Furthermore, there appears to be 
mherited the occurrence (or absence) of a cnUcal tempemture at 20”C The 
results of these expenments mdicate that the parUcular vxilues here observ ed hav e 
reality in a biological sense For one can conceiv e of no more rigid test of the 
biological mtegntv of a process than that its descriptive constants arc recov emble 
m successive generations of crossbreedmg (tp Pmeus and Crozier 1929, Crozier, 
Stier, and Pmeus, 1929) [Pmeus, 1930-31, p 4421 
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h 

Recentty, Belehradek (1930), and Fulmer and Buchanan (1928-29), 
have criticised the method employed by Crozier and others of fitting 
two or three mtersecting straight hnes to data plotted according to 
the Arrhenius equation It has been objected by these authors that 
the graph should be constructed as a smooth curve (In making these 
criticisms they have omitted a large number of pertinent observations 
supporting the method of treating temperature data ) A method of 
testing the vahdity of fitting mtersecting straight hnes to the data is 
illustrated by Figs 5 and 6, where the rates of O 2 uptake are plotted 
agamst °C The plotted points are the actual observations, the outer 
edges of the cusps were earned over from the extreme edges of the 

Footnote to Table II — K dotted line connecting two increments means that a 
“break” has occurred, givmg two temperature characteristics, one for the lower 
range of temperatures, the other for the upper range 

The temperature characteristics for CO 2 production also appear m Table II 
under the headmg “O 2 consumption ” The same mcrements are obtamed for 
both processes (c/ Crozier, 1924-25, experiments of Brunow, and von Budden- 
brock and von Rohr) 

Recent experiments bj^ Cook (1930) on “a comparison of the dehydrogenation 
produced by B coh m the presence of O 2 and methylene blue” when the organism 
has been treated with toluol accordmg to the procedure of Quastel and Woold- 
ridge (1927a and b) give pomts on the Arrhenius plot which are not rectilmear 
when replotted upon a fair scale The best straight Ime is obtamed when lactate 
IS deh}'drogenated m the presence of methylene blue These observations give 
fi = 15,300 accordmg to my calculations I have also calculated rates of O 2 
uptake from his data — c mm O 2 uptake after 15, 30, 45, and 60 mmutes — and 
find that these rates are not constant over the whole temperature range, 40-15°C 
The use of mconstant rates is sufficient to account for the curvilmear fi plots 
obtamed for O 2 uptake under his experimental conditions, m any case, no analysis 
can be attempted when the basic velocity is a function of time as well as of tem- 
perature (c/ Tang, 1930-31, Crozier and Navez, 1930-31) It has been pointed 
out by Tamiya and Tanaka (1930), and von Euler and Hellstrom (1930) that 
upon the addition of toluol to an organism there is a gradual denaturmg of the 
cjdochrome system and so a graduallj' mcreasmg mabihty on the part of the 
organism to utilize molecular oxj^gen It is obvious that the temperature analy- 
sis can be used only vhen the rate of performance is constant, unless — with a 
S} stem in which the measured rate is changmg m a simple manner — it becomes 
possible to compute an mitial rate undistorted by the progress of changes which 
are a function of tune 
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parallel bands enclosing the observations m the mass plot (Fig 4) in 
the ranges of temperature 35-30°, 30-15°, 15-3° It is preferable to 
enclose these detemunations withm three such fan shaped areas cut- 
tmg across each other at 15° and 30°— “one” curve cannot fit the data 
A full discussion of these matters can be found in Crozier and Fede 



Fig 5 TberatesoIuptakeoEOjareplottcdin Figs 5 and 6 as ordinates and®C 
as abscissae The boundary lines marking the latitude of vanaUon m the Arrhe 
mus plot ha\ e been directl> earned over from Figs 3 and 4 to Figs 5 and 6 Figs 
5 and 6 make it obvious that one smooth curve cannot be drawn through the data 
over the entire temperature range In Fig 5 the pomts ate the actual values of 
rates of Oi uptake alread> plotted (m Fig 3 hne B) according to the Arrhenius 
equation Fig 6 is a mass plot of all the data used m Fig 4 

nghi (1924-25), Crozier and Stier (1926-27 a), Brown (1926-27), 
Navez (1930) 

Attention is called to the significance of the fan shaped enclosures 
seen in Figs 5 and 6 Such a distnbution of pomts means that the 
extreme limits in each fan mcrease ivith temperature, i c , for each 
range 3-15°, 15-30°, and 30-35° This land of spread of the observa 
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tions cannot be due entirely to expenmental errors, since such errors 
■would certainly be a constant amount for each temperature and the 
percentage differences from the average would then alter with tempera 
ture A constant percentage difference gives parallel sets of lines m 
the Arrhenius plot This result has been obtamed typically where 
rates of vital phenomena have been studied as a function of tempera- 
ture (c/ papers by Crozier and assoaates, J Gen Physiol , 1924, to 
date) 

The actual extreme percentage differences at each temperature as 
calculated from the mass plot (Fig 4) are found to be constant 'Within 
each range of temperature 3-15°, ±6 1 per cent of the mean, 15-3(P, 
±8 5 per cent, 30-35°, ±1 8 per cent The latitude of variation 
changes at a cntical temperature, being greatest m the range 15-30° 
and least in the range 30-35° A part of this latitude of vanation is 
of course spurious, bemg due to the fact that the vanation m different 
senes of measurements is not quite the same, thus, to give one illustra 
tion, data which appear tn Fig 2 (m-ll) exhibit in fact a maximum 
latitude of vanation of ±5 per cent over the range 25-30° 

A similar case m which an increase in the latitude of vanation 
accompanies a change in the value of the temperature charactenstic is 
found In the expenments on speed of gliding motion of Bcggiatoo 
(Crozier and Stier, 1926-270) 

When the loganthm of the probable error of the mean rate of such a 
vital process at each temperature is plotted according to the Arrhenius 
equation the same n is obtained as was found for the mean rates of 
the process as a whole (Crozier, 1929 Navez, 1930, Pincus, 1930-31), 
when n is constant, x e , the latitude of vanation of the observations is 
a constant percentage of the mean, and both mean and vanation of the 
mean hold the same relationship to temperature This has been 
interpreted to mean that the utilization of Os at constant temperature, 
let us sav, occurs at a rate which vanes not only within the error, but 
goes through a cyclical vanation such that the extreme limits fall on 
lines which are a constant percentage of the mean throughout the 
speafic range of temperatures A cyclical fluctuation in frequency of 
respiratory movements of grasshoppers has already been found 
(Crozier and Stier, 1925-26) Whether a sinular minor cyclical 
vanation in the respiratory activity of suspensions of yeast cells exists 
■will be tested by subsequent expenments 
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Crozier (1925-26) has designated by the name “cntical tempera- 
ture” a temperature m the Arrhemus plot at which two Imes intersect, 
or a temperature above or below w'hich “destructive ’ changes occur 
m the orgamsm, such that the rates measured become a function also 
of twie Cntical temperatures were obtamed from numerous pub- 
hshed accounts of experiments on the relation of temperature to rates 
of vital processes, and were made mto a frequency polygon The 
distnbution W’^as found to be multimodal, with the greatest number of 
cases falhng m the 15° class Other modes were at 4 5°, 9°, 20°, 25°, 
27°, 30° Subsequent data (cf papers by Crozier and assoaates, J 
Gen Physiol , 1925, to date) have confirmed this senes of cntical 
temperatures 

The foUownng classes of cntical temperatures have been obtamed 
from the published accounts of experiments on O 2 uptake and CO 2 
production previously quoted in Table 11 


Classes of cntical tem 
peratures 

rc 

IS’C 

IT'C 

20°C 

25°C 

27'C 

SOX 

Instances 

9 0 

14 0 i 

■Pi 

20 2 

25 0 

27 0* i 




15 5 

mSBm 

22 7 



mm 



15 0 


19 5 



30 Ot 



15 0 


19 5 



30 0 



15 2 

mu 

21 0 






15 2 


21 0 

i 




1 



20 0 


i 





mM 

20 0 





The average cntical temperatures here foimd for Oo uptake of yeast are 

15 7° ±0 27° 29 0°± 

* Minimum time of sporulation of Saccharomyces paslonanus (Hansen, 1883) 
t Minimum time of sporulation of Saccharomyces cerevisiae (Hansen, 1883) 

A cntical temperature at 15° has not been obtamed previously for 
respiration of yeast, so far as I have been able to find from pubhshed 
experiments Slater’s data (1906, 1908) give cntical temperatures 
at 20 2°, 22 7°, and 35-40°(?) These values cannot be taken as 
espeaally significant, because the ongmal data, as has been noted 
already, are not really accurate enough for use in a temperature analy- 
sis The data of Kubowatz (1929) for O 2 consumption of baker’s 
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yeast over the range —3 5 to +37 5®C when plotted according to the 
Arrhenius equation show evidence of cntical temperatures at 11 4® 
and above 30®C Unfortunately the determm'itions were made at 
so few temperatures (six in ail) that any evaluation of ^ (or of cntical 
temperatures) must be based on two points in the upper temperature 
range and three in the lower range and consequently is of doubtful 
sigmficance 

J9 5-20®C Tvas found by Tang (1930-31) to be a cntical region for the Oi con 
sumption of geraunatmg seeds of Litptnus clhtts and of Zea inavs Nav ez (1928- 
29) found 21 0® to be a cntical temperature for CO2 production by seedlings of 
Vina faha Recently Croner and Navez (1930-31) assigned 20 0® as the cntical 
temperature for the CO2 production by seedlings of Phaseolus aureus Roxb The 
CO2 production by seedlings of Ptsum yields a cntical temperature at 21 0®C. 
(data of K-uyper analyzed by Crozier, 1924-25, and Navez, 1928-29) Tang 
(1931-32) found 20®C to be a cntical temperature for the CO2 production by 
Lupxnus al6wj but he found no evidence of a cntical temperature for the CO2 pro 
duction by Zetx mays m the range of temperatures studied 

30® IS a definite cntical zone for yeast My expenments on O2 uptake show 
that this IS a cntical temperature Ibdiatds (1928) showed that the rale of growth 
of jeast deaeases very rapidly above this temperature and that definite morpho 
logical changes occur m the budded cells growing at 30* — The usually roundish 
cells foimd below 30® now grow as irregular elongate cells above 30® Just how 
the mechanism produemg such cells ma> be related to the value p — 8 000 found 
for O3 consumption above 30® has not been ascertained as yet Estimations by 
Hansen (1883, data taken from a paper bv Herzog (1902-03)) of the time of pro 
duction of the first ascospore m suspensions of j east give an apparent critical 
temperature m the region of 30 =fc for Saccharomyccs urevxssae and in the zone of 
27 d: for Saccharomyus pastonanus However, these values are of doubtful 
significance smee they are obtamed from an Arrhenius plot m which the data gave 
a curvilmear relationship 

In view of these facts one should be cautious when choosing a 
temperature for comparmg effects of substances on rates of respiration 
The region 30-37® has been used most frequently for such determina 
tions Temperatures below 30® would be nearer the range of “normal” 
phvsiological activitv for yeast and similar organisms 

d 

The interpretation of the temperature charactcnstics obtamed for 
O 2 uptake of >cast in the presence of dextrose is bnefly as follows it 
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IS thought that a value of ju refers to, and characterizes, the slowest or 
the governing process, under the conditions, m the chain of respiratory- 
processes {cf Crozier, 1924, 1924-25) At a cntical temperature a 
new reaction becomes the “master reaction” {cf Blackman, 1905, 
Crozier, 1924-25), and so limits the over-all rate of the processes con- 
cerned with the consumption of O 2 ^ 

Difficulties confronting this interpretation are realized, and have 
already been stated (p 815) However, by studying the kinetics of 
metabolic processes as a function of independent variables such as 
temperature, oxygen pressure, etc , and making use of methods already 
indicated, one may expect to establish the identity of these “master 
reactions” and their controlling catalysts, and then to formulate a 
more complete picture of the organization of the processes resulting 
in the uptake of oxygen 

I wish to thank Professor Barcroft, and other members of the Physio- 
logical Laboratory, for their kindness and helpfulness to me dunng my 
sojourn at Cambndge University as a National Research Fellow 

SUMMARY 

Suspensions of the yeast Saccharomyces cerevtsiae gave reproducible 
rates of O 2 uptake over a penod of 6 months The relation of rate of 
consumption of ©2 to temperature was tested over a wide range of 
temperatures, and the constant in the formulation of the relationship 
is found to be reproducible The values of this constant (fi) have been 
obtained for five separate senes of expenments by three methods of 
estimation The vanability of /j, has the following magnitudes the 
average deviation of a single determination expressed as per cent of 
the mean is ±2 per cent m the range 30-15°, and ±0 8 per cent in the 
range 15-3°C This constancy of metabolic activity measured as a 
function of temperature can then be utilized for more precise investiga- 
tions of processes controlling the veloaty of oxidations of substrates, 
and of respiratory systems controlled by intracellular respiratory pig- 
ments 

■* Expenments by the author (to be pubhshed shortly) on the relation of tem- 
perature to the time for reduction of cytochrome give additional evidence support- 
mg this mterpretation 
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The data plotted according to the Arrhenius equation give average 
values of the constant ju as follows for the range 35-^0°^ ju ** 8,290, 
30-15°, p. = 12,440 ±290, jti = 19,530 ±154 The critical 
temperatures are at 29 0° and 15 7°C 
A close similarity exists between these temperature characteristics 
(ji) and values m the senes usually obtained for respiratory activities 
m other organisms This fact supports the view that a common 
system of processes controls the veloaties of physiological activities 
in yeast and in other organisms 
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DEVELOPMENT OF THE EGG OF THE MACKEREL AT 
DIFFERENT CONSTANT TEMPERATURES 
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States Bureau of Fisheries,* Woods Hole) 

(Accepted lor publication March 15, 1933) 

That an increase in the temperature of the medium, within limits, 
accelerates the embryonic development of fishes has been adequately 
demonstrated by several mvesOgators This was studied by Danne- 
vig (1895), by Reibisch (1902), by Apstem (1909), and by Johansen 
and Krogh (1914) in several species of Pteurometes and in Gadus 
morrhua The de\ elopment of two Japanese fishes, Eypomesus ohdtis 
and Plccoglossiis altnehs, has been observed from this standpoint by 
Higurashi and Tauti (1926), and Kawajin (1927) records similar data 
for the Japanese trout (Oncorhynchtis mason) 

The development of the mackerel {Scomber scombrus L ) has not 
previously been exammed from this point of view A detailed study of 
the relation of temperature to the rate of development of the egg of 
this fish from the time of its fertilization unDl hatching was undertaken 
dunng the mackerel spawning seasons of 1931 and 1932 at the Woods 
Hole, Massachusetts, Station of the United States Bureau of Tishenes 

It was espeaally desirable to record as accurately as possible the 
time necessary at different constant temperatures for the attainment 
of vanous embryonic stages of development, as well as the time re 
quired for hatchmg Secondanly, it was interesDng to determine the 
upper and lower temperature limits for typical development Some 
information regarding mortality and survival at different temperatures 
was also obtained 

Methods 

Ordinar> fish hatching boxes were emploj-ed as constant temperature water 
baths Reasonable insulation for the thermostat is afforded bs the walls ol the 

* Published with the appros-al of the Coiriraissioner of Fisheries 
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box, which are composed of wood an inch m thickness Regulation of temperatme 
withm each tank was obtamed b}’’ use of a mercury thermoregulator eqmpped with 
a mchrome needle This actuated a relaj’^-controlled heatmg lamp or senes of 
lamps 12 inch, 40 watt show-case lamps were used for this purpose 

An ice funnel of the tjqie described bj' Stier (1931) w'as used as a coohng unit in 
each thermostat The hopper of each of these w^as made of battleship Imoleum 
and made 3 feet m length so that at hatcherj’- temperatures durmg the month of 
June It was necessar}’^ to replace ice onl}' every 12 or 16 hours The funnel was 
supported at the desired level m the bath by means of a horizontal rod clamped at 
each end to a large stand This arrangement was found somewhat more satis- 
factory than a pulley svstem and coimterweight smce the fuimel was held much 
more firmly m place Washing of the chopped ice before use prevented the 
accumulation of debris at the sieve m the funnel Water from meltmg ice was 
rapidly dramed off through a rubber tube leadmg to an openmg m the floor of the 
box 

A smgle motor and propeller moimted verticall}’- served as a stirrer and pro- 
duced a satisfactorj'- water cuculation m each thermostat 

Ripe adult mackerel were collected at fish traps and transported ahve to the 
laboratorj' and stripped Eggs were fertihzed artificially and placed in 250 cc 
beakers nearl}' filled wnth sea w'ater of the temperature at w'hich fertilization had 
been effected During the half-hour subsequent to fertilization the beakers contam- 
mg the eggs were lowered mto the baths and supported with their mouths at the 
surface on ring-stands f to | of an hour w'as required for the beaker water to 
assume the desired temperature after the beakers had been placed mto the thermo- 
stats Almost without exception IS cc of eggs (approxunatelv 13,0001 were placed 
m each beaker, but m a few mstances the scarcity of eggs prevented this Usually 
two beakers containmg eggs were placed m each thermostat at each temperature 

Air, of the temperature of the bath, w^as bubbled through the water of each 
egg beaker at a slow and nearly constant rate Air pressure was kept constant by 
means of a simple w^ater manometer at the end of the mam air line, and a screw 
clamp on each secondarj’’ air Ime above each beaker was used to regulate the air 
outflow Care w'as taken to avoid churnmg of the w^ater in the beakers, so that 
the eggs would not suffer mjurj’- The air passed through a bottle of sea water 
before reachmg the egg beakers 

The h\mg mackerel egg is pelagic, while dead eggs smk This fact greatly 
facihtated the daily removal of dead eggs from the batching beakers by means of a 
large pipette Dead eggs were roughlj counted at the time of their removal and 
the data secured m this way were used m obtammg figures concemmg mortalit}' 
and sur\n\’al Water m the beakers was replaced each day ivith fresh sea water 
which had prevuouslj been brought to thermostat temperature 

Eggs were de\ eloped m baths of constant temperature of 9°, 10°, 11°, 12°, 13°, 
14°, 15°, 16°, 17°, 18°, 19°, 20°, 22°, and 24°C Temperatures of 10°, 12°, 14°, 15°, 
16°, 21°, 22°, and 24° were successfully run durmg June, 1931 Experiments at 
11°, 18°, and 20° were spoiled Durmg June, 1932, these experiments were all 
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repeated vintli the exception of the 24® temperature, and lots of eggs ■were run at 9®, 
13®, 17®, and 19® m addition Beckman thermometer readings taken twice each 
day showed that the "water temperature m a smgle thermostat beaker vaned withm 
limits of 6/100®C during the several days required for the completion of an 
experiment 

The stage of development of each of ten eggs m each of the thermostats was 
observed at mtervals of about 2 hours dunng the day — less frequently at night— 
dunng the penod of mcubation In the early cleavage stages observations were 
made every half hour Eggs removed from the thermostats for observation were 
not replaced 


The Normal Daclopmenl of the Mackerel Egg 
The development of the mature, fertilized mackerel egg is very rapid 
and hatching may take place in as short a time as 48 hours at high 
temperatures The development of the embryo mackerel is sunilar 
to that of the sea bass {Serranus atranus) which has been described in 
considerable detail by Wilson (1891) For this reason only a bnef 
descnption will be given here 

The fertilized egg divides first mto 2, then 4 8 16 32, 64, and 128 cells These 
stages are very easily Identified and were used as landmarks of early development 
m these experiments They are however passed through so quickly that they are 
of little use m this respect At low temperatures, when development proceeds 
relatively slowl) , a six cell stage may occur and a twelve cell stage may not 
mfrcquently be observed 

Followmg the 128 cell stage the cell walls of the peripheral cells of the blasto- 
derm gradually disappear and the nuclei of these cells escape mto the periblast, 
undergo further division, and finally there is formed a periblast ndge as a result 
While the periblast nuclei are multipljTDg and spreading over the yolk, the margi 
nal cells of the blastoderm proper divide to form a ^'randwihi ’ which appears first 
at one pomt and graduall> extends until the entire blastodisc is smrroundcd by a 
germ ring The pobnty of the blastoderm is expressed by a thickening of the 
germ tmg at its dorsal margin This thickcnmg subsequently develops mto the 
axial portion of the embryo proper The first appearance of disappearing peripfa 
eral cell walls, the first appearance of periblast nuclei, the completion of the 
periblast ndge, the appearance of the * randvndst * the completion of the germ 
nng and the appearance of the head fold have been considered fairly defimte 
landmark stages m the development of the mackerel 

Continued ingrowth of the anterior end of the blastoderm is accompanied bv 
involution and epibol> at the postenor end and at this time the embryo appears 
from the surface to be undergoing confluence The embryo b> this period has a 
definitel> elongate shape extendmg for about 90 around the jolk andepibolj or 
ov ergrowth of the > oik is about half completed Epibol) continues imtd the cells 
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of the germ nng push m from all sides at the postenor end and leave only a small 
openmg, the blastopore, which then itself becomes closed and epiboly may be said 
to be complete Almost simultaneously, the antenor end of the embry^o proper 
has undergone an extent of differentiation resultmg m the formation of the pn- 
mordia of the optic vesicles The stages durmg epiboly used as landmarks in this 
study have been called “half epiboly “three-quarter epiboly^,” and “completed 
epibolyq” or “blastopore closure ’’ 

Somites or primitive muscle segments now become apparent m the body of the 
embryo These multiply rapidly and their number at any tune may be used as 
an mdex of the stage of development of the embry^o as a whole At 6 somites, 
melanophores make theur first appearance, the heart becomes distmct at 10 somites 
and begms to show movement at 24 somites Chromatophores appear on the 
head at 18 somites The following terms have been used to mdicate the stages of 
development just described “6 somites,” “12 somites,” “18 somites,” and “24 
somites ” 

After the heart begms to beat the somites become too numerous to be counted 
with ease, and then I have considered the length of the embryo as compared with 
the cucumference of the egg the most satisfactory criterion of the progress of 
development At 24 soimtes the embryo m length covers somewhat less than two- 
thirds of the circumference of the egg, but contmues to mcrease m length until it 
forms a complete cucle, and some tune before hatchmg, the tail actually overlaps 
the head for a considerable distance Hatchmg merely mvolves the rupturing of 
the chorion which permits the escape of the larva The follownng landmark stages 
are frequently referred to m this paper “two-thirds circle,” “three-fourths cucle,” 
“four-fifths cucle,” “five-sixths cucle,” “full or completed cucle,” and “hatchmg ” 
This studyf of the development of the mackerel has considered only the changes of 
the embrv o which take place between the tune of fertilization and hatchmg 

Teviperature LtmUs for Normal Development 

The spawning season of the mackerel at Woods Hole, during 1931 
and 1932 embraced the penod from about May 15 to June 20 The 
sea water temperature at Woods Hole during this penod increased 
from about 11 5° to 1S°C 

Early Jime experiments demonstrated that mackerel eggs fail to 
cleave normally at temperatures as low as 10°, although they develop 
in a t>T>ical manner at 11°C Embryms which w^ere held at a thermo- 
stat temperature of 8° displayed no development whatever, although 
eggs were kept rmder obser\"ation at this temperature for approxi- 
mately 48 hours The nuclei of eggs held at 8 5° underwent division 
as many as four times, so that 16 nuclei resulted in each egg, but there 
was no cy-toplasmic diMsion No further development was noted 
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At 9°C the eggs cleaved irregularly up to the 128 cell stage, nuclei 
multiphed m the penblast and eventually an irregular mass of cells 
resembling a yolk cap with a completed penblast ndge formed, com- 
posed of irregular and relatively few cells No progress was observ ed 
at this temperature dunng the subsequent 48 hours and it was con 
eluded that development had ceased At a constant temperature of 
10°C , cleavage was irregular and obscured, making it impossible to 
identify the stages of de\ elopment until the appearance of the optic 
vesicles Development, howe\er, contmued at the expected rate up 
to 18 somites Then it began to slow down and although some of the 
embryos attamed the approximation of a five sixths arde stage, the 
appearance of this stage was very much delayed None of the em 
bryos de\ eloped beyond this point and all fiuallj died The length 
of the penod of development at this temperature up to hatchmg was 
computed from the time necessary for the attamment of 18 somites 
at this temperature as compared with the tune necessary for the ap- 
proximation of the same stages at 1 1°C Typical deavage and develop 
ment were secured at a thermostat temperature of 11°C although the 
mortahty was very great 

Eggs faded to undergo typical development at temperatures above 
21°C At 22°, for example, although a few of the eggs appeared to 
develop in a normal manner up to the tune of Uie appearance of the 
head indentation, the majority cleaved m an irregular fashion and all 
were dead 22 hours after fertdization Simdar results were observed 
at 24°C 

It was conduded that dunng the month of June at Woods Hole, 
typical development of mackerel eggs can be secured only between 
temperatures of 11° and 21°C Temperatures above and below these 
limits have resulted in abnormal devdopment under expenmental 
conditions 

Mortalily and Stinnval of Mackerel Eggs al Different Temperatures 

Mortahty of mackerel eggs under laboratory conditions is great. 
Dead eggs were removed from the beakers used for egg hatching in 
the thermostat every 24 hours and measured m cubic centimeters or 
counted directly At all temperatures the percentage reaching hatch- 
mg w as low 
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At temperatures of 9°, 10°, 21°, 22°, and 24°C the mortality dunng 
the incubation period amounted to 100 per cent A certain percentage 
of survival was secured at all temperatures included within these limits 
The percentage of survival was greatest at 16° dunng both 1931 and 
1932, where the mortahty averaged 43 per cent Between this opti- 
mum temperature and the extreme high and low temperatures there 
was a progressive mcrease in mortahty This is recorded in Fig 1, 
m which the total percentage of eggs dying at each temperature is 
given, no data were secured at 17° or 19° 



Fig 1 Mortality of mackerel eggs at different constant temperatures The 
total percentage of eggs dymg is plotted along the ordmates, the temperatures 
along the abscissae 


Eggs placed in 9° thermostats all died inthin 96 hours At this 
temperature, development, if completed, would be expected to occupy 
a penod of approximately 9 days These embryos were, therefore, 
kiUed before development was half completed and the greatest per- 
centage of mortahty occurred dunng the third 24 hour penod It was 
found impossible to determine from an examination of the eggs at what 
stage death had occurred, and even the stage of development of the 
hxnng eggs could not be told, due to at 3 'pical cleavage and obscured 
development 

100 per cent mortality was expenenced at 10°C although a few eggs 
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TABLE I 

Mortality oj Macherd Eggs ai Different Temperatures 


In this table, the percentage of the total number of eggs originally placed m 
thermostats that died during each 24 hour penod of mcubation dunng 1931 and 
1932, IS given 
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were well into the atde stages before they died The majonty of 
the eggs died dunng the penod of germ nng formation which fell 
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during the third 24 hour penod of incubation The somite multiphca- 

tion penods were also stages of high mortahty at this temperature 

At 11°C the penod of germ nng formation and the somite multipli- 
cation stages again were penods of high mortahty and this was also the 
case at 12°, 13°, 14°, and 15°C At 20°, 21°, 22°, and 24°, the stages 
of germ nng formation and epiboly come within the first 24 hour period 
of incubation and the greatest percentage of mortahty falls here as 
well At 22° and 24°, 100 per cent mortahty appears during the first 
24 hour penod Apparently the stages of germ nng formation and 
epiboly and the somite multiphcation stages are cntical penods in the 
development of the embryo of the mackerel Table I summarizes 
the data on the mortality of eggs, the percentage of the total number of 
eggs ongmally placed in the thermostats that died during each 24 hour 
penod of incubation is given for each temperature The total per- 
centage d3ang is recorded in the final column 

Deternmiahon of ihe End-Point of Incubation 

Mackerel eggs which have all been fertihzed at the same time and 
allowed to develop at the same temperature in the same thermostat do 
not hatch simultaneously This “hatching penod” may extend over 
many hours, particularly at low temperatures At higher tempera- 
tures It IS much shorter, there is a progressive increase m the length of 
the hatching time with a decrease in temperature At temperatures 
ranging between 20° and 17° the hatching time amounts to between 
3 and 6 hours, between 16° and 14° it occupies from 6 to 10 hours, at 
13° and 12° approximately 12 hours are required, while at 11°, 16 or 
more hours are necessary 

It ■Ras found advisable to adopt some consistent method for the determmation 
of the end-pomt for mcubation, apphcable to all temperatures The method 
adopted mvolved the plottmg of a frequency curve for hatchmg and the use of the 
tune corresponding to the crest of the curv'e as the end-pomt To obtam an 
unbroken frequency curve it is necessarj’’ to note the time vhen the first larva 
hatches and to coimt the number hatchmg per unit tune until hatchmg is com- 
pleted Half-hour penods were used as units of time for the higher temperatures, 
while at temperatures between 11° and 14° units an hour m length were found more 
satisfactor} Complete curves were obtamed for onl}' a few temperatures, al- 
though in all cases the crest of the curve was accurately determmed Often it was 
not discovered that hatching had commenced until sometimes as much as 2 hours 
aften\ard and the mitial portion of the curve suffered as a consequence In some 
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instances, too, it -was fovmd impossible for lack of time to continue observations up 
to the time of hatchmg of the last embryo and the final portion of the curve for that 
particular temperature was not completed Another difficulty of some importance 
expressed itself occasionally, for not mfrequently at the height of hatchmg eggs 
hatched more rapidly than they could be coimted In such cases, as accurate an 
estimation of the number was made as the time allowed 
For the most part, satisfactory results were secured m plotting frequency curves 
for hatchmg at various temperatures and no difficulty was encoimtered m findmg 



Fig 2 Hatchmg data at 16®C The number hatchmg each half hour following 
the initiation of batching is plotted 


the mode of any particular curve when as was usually the case a large number of 
eggs was earned through to hatchmg A histogram of the data secured at is 
gi\ en m Fig 2 This is fairly typical of the results obtained at all temperatures 

Rate of Daclopment to Hatching of Mackerel Eggs at Difcreni Constant 
Temperatures 

Between 11® and 21°C the time required for the development of 
mackerel eggs from the tune of fertilization to hatching decreases from 
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177 hours to 49| hours In other words, such an increase in tempera- 
ture more than trebles the speed of development The Qio figure for 
the process is, therefore, about 3 6, indicating, in accordance with the 
prmciple of van’t Hoff (1884), that the reaction is of a chemical 
nature The Qw ratio is, however, not constant throughout the 
temperature range from 10-21° as Table II indicates 
It was onginally planned to carry mackerel eggs only once at each 
constant temperature withm the limits of tolerance for this species, 
but time was found to repeat dunng 1932 some of the experiments of 
the previous year as a check on the early results obtained Tempera- 
tures of 12°, 14°, 15°, 16°, and 21° were repeated in 1932 Practically 


TABLE n 


Qio Values for Mackerel Egg Hatching 


Temperature limits 

Qis value 

°C 

10-20 

3 66 

11-21 

3 57 

10-15 

4 16 

11-16 

4 06 

12-17 

3 90 

13-18 

3 76 

14-19 

3 46 

15-20 

3 52 

16-21 

3 52 


perfect agreement with the 1931 results was secured at the 16° and 21° 
temperatures, but discrepancies were noted in the others The modes 
of hatching times in the two expenments earned on at 12° fell 4 hours 
apart This may be due to the fact that the incubation penod and 
the period of hatching are so long at this temperature 
No great agreement could be obtained with regard to the length of 
the incubation penod at temperatures of 14° and 15°, although these 
experiments v ere repeated twice in the first case and earned on four 
times in the second instance At 14° the hatching modes m, three 
expenments fell at 105, 109, and 117 hours after fertilization, at 15°, 
the modes for hatching fell at 93, 99, 101, and 101| hours respectively 
after the time of fertilization, in four expenments at this temperature 





ooofe! r/ 


IXONARD G TVOItLEV 


851 



,3 iS5 .3 ,S ^ 1? 

(Y,) avia §oi 


0^0340 0130341 000342 Q00M3 0iWM4 a00345 0003-15 00034? 000348 "000349 OOOWO Q00i51 oToiiZ' ”a00i53 (100354 

Yl'-Abs 

Fro 3 The rate of development to hatching of mackerel eggs as a function of temperature 
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The vanation in the length of the incubation penod at these tno 
temperatures may be due to the fact that these temperatures are so 
dose to a critical temperature for many biological processes -which is 
said to occur m the vicinity of 15°C (Crozier, 1926) , and m the present 
case for rate of development (Tig 3) Figs 3, 4, and 5 demonstrate 
the relation of temperature to the rate of development to hatchmg of 
mackerel eggs 

The log of the rate of development to hatchmg (log I/O is plotted 
agamst the reaprocal of the absolute temperature {\/T° abs ) m Fig 3 
Two straight hues, mtersectmg in the vicmity of 15°, are apparent 
The calculated /i for the rate of hatchmg above 15° is found from the 
curve to be approximately 19,000 calories Below 15° a value ii = 
24,900 IS obtained These values of p comnde relatively well with 
values preinously obtained for the development of organisms including 
fishes (Crozier, 1926) The rate of development to hatchmg (l/t) is 
plotted agamst the temperature in degrees Centigrade m Fig 4 The 
graph consists of two curves which mteisect near 15°’ In Figs 3 and 
4, 2 pomts are plotted for 12°, 3 for 14°, 4 for 15°, 2 for 16°, and 2 for 
21° When more than one pomt is at hand for a certain temperature, 
the curve has been drawn as nearly as possible through the average of 
the several pomts plotted from the data 

Rale of AUainmenl of Vanotis Embryomc Stages at Different Constant 
Temperatures 

Considerable attention has been devoted to the length of tune 
necessary for the attainment of various embryomc stages m develop- 
ment Twenty eight stages m development, mcludmg hatchmg, have 
been considered These have been hsted above Figs 5 and 6 sum- 
marize these data 

The time necessary for the attainment of vanous embryonic stages 
at different temperatures is displayed in Fig 5 The points indicated 
m this graph are averages in many cases of two or more readings 
In many cases, how ever, the pomt plotted represents but one observe 
tion Observations are lackmg in the case of some stages at certain 
temperatures and pomts are omitted on the graph m consequence 
A missing reading mdicates that observ’ations fell before or following 
the approximation bj the eggs of the stage m question 



Hatching 


854 DEVELOPMENT OP EGG AT CONSTANT TEMPERATUPES 





DEVELOPMENT OP EGG AT CONSTANT TEMPERATURES 


The stage of development of each of ten embryos was noted at the 
time of each observation Usually, espeaally after development had 
proceeded for several hours, more than one stage was represented m 
a single lot of eggs at one tune The points plotted m Fig 5 represent 
the mean tunes The stages m development are hsted here m order 
along the ordmate and the time required to reach each of these stages 
IS plotted on the abscissae for each temperature The points represent- 
mg any given temperature are connected The fact that this graph 
IS based upon actual observations only, accounts for the failure of the 
hues connectmg pomts to follow an entirely even course ' The time 
between successive observations sometimes amounted to several hours, 
particularly at night, consequently, the tune recorded as necessary for 
the attainment of a given stage may actually be too great by an 
amount almost equal to the length of time between successive 
observations 

Thermal increments have been calculated for the speed of amval at 
each of eight of the later embryonic stages, ^ e , 6 somites, 12 somites, 
18 soimtes, 24 somites, three-quarters arcle, four-fifths circle, five- 
sixths arcle, and full circle These are displayed m Fig 6 Probable 
errors are indicated for as many points as the data allowed There is 
no great disagreement in the values of fj, obtamed for these stages and 
those manifest from the hatchmg data withm the temperature hunts 
used The curves for the different stages plotted are essentially 
parallel The few discrepanaes may, perhaps, be accounted for by 
the fact that the end-pomts for these stages were not as carefully 
detemnned as were those for hatchmg The critical temperatures for 
each stage fall in the vicmity of 15° It will be noted that the proba- 
ble errors are greatest at this temperature The close agreement of fx 
values for developmental stages and those of hatching mdicates that 
the temperature charactenstics for "average rates of developmenf’are 
not influenced by the end-points chosen The rate of differentiation 
up to hatchmg seems to be governed by one process throughout 

SUMMARY 

1 Mackerel egg development was followed to hatching at constant 
temperatures of 10°, 11°, 12°, 13°, 14°, 15°, 16°, 17°, 18°, 19°, 20°, 21°, 
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22°, and 24°C Expetiment showed that typical development could 
be realized only between 11° and 21° 

2 The length of the developmental period increases from 49 S 
hours to 207 hours when the temperature is lowered from 21° to 10°C 

3 The calculated n for the development of the mackerel egg is 

about 19,000 at temperatures above 15° and approximately 24,900 for 
temperatures below 15°C 15° is, apparently, a cntical temperature 

for this process 

4 The calculated values of it for eight stages of development 
preceding hatchmg, t e 6 somites, 12 somites, 18 somites, 24 sormtes, 
three quarters arcles, four fifths arcles, five sixths arcles, and full 
ardes, are essentially the same as the ft’s for hatchmg, mdicating that 
the rate of differentiation up to hatchmg is governed by one process 
throughout Cntical temperatures for these stages approximate 15° 

5 The total mortahty during the mcubation penod was least at 
16°C where it amounted to 43 per cent At temperatures above and 
below this there was a steady mcrease m the percentage of mortahty 
which reached 100 per cent at 10° and 21° 

The author wishes to express his thanks to Mr 0 E Sette, at whose 
suggestion this study was undertaken, to Professor Leigh Hoadley, 
Dr P S GaltsoS, Dr T J B Stier, and others for suggestions made 
dunng the course of these mvestigations, and to Professor W J 
Crozier for assistance in preparmg the manuscnpt for pubhcation 
Thanks are due also to many other members of the staff of the United 
States Bureau of Fishenes for assistance of vanous kinds 
LITERATURE CITED 

Apstem, C iliU dculsch Seejischerei Vcr , 1909, 2B, 364 
Crozier, W J , 7 Gen Phystol 1926 10, S3 
Dannevig H Scot Fish Board, 23th Rep for 1894 1895,147 
Higurashi T , and Tauti N , J Imp Ftsh Inst 1926 21, 57 
Johansen, A C , and Krogh A , Conseit Form Internat Exploration ITcr Puhl 
Circonstance 1914 No 68 
Kawajin AL J Imp Ftsh Inst 1927 23, 14 
Rcibisch JyB'tssensch Ileeresttnlersuch 1902 ns 6,213 
Suer T J B , Science, 1931,73, 289 

van't Hoff, H T Cuides de dynamique chemique Amsterdam, Muller 1884 
l\nson,H V,Bn/l U S Fish Com 1891 9,207 




PtibJ thtn G E, STECHERT & Co New York DAVID NDTT Loodou NICOLA ZAMCHELLI Boloena 
FfiLIX ALCAN Pans AEADElIlSCHE VERLAGSGESELLfiCHAFT m b H Leipri* 

RUIZ HERMANOS Madrid F MACHADO & CjO. Potto THE JIARUZEN COMPANY Tokyo 


1933 27th Year 

SCIENTIA 


INTTRITATIONAL REVIEW OP SCIErmFIC SYNTHESIS 
pu&lMt<d mry ittontA (eaeA number confotntnf; iOO to itO pasts) 

Edrtora F BOTTAZZl - G BRUXn - F ENRIQUES 
General Secretary Paolo Bonetti 


IS ONLY REVIEW the contnbutota to which are really latematlonal 

IS T£CH ONLY REVIEW that hu a really worldiride cmrulatioa 

IS THE OJSTLY REVIEW of eeienUdo eyntheaie and unificatioo that deala with the fupdaioental qoea- 
twsa of all ecieneee xnatbeBaatlea aatronomy ecology phyeica, cbemutry biology peycboloc' ethnology Uo' 
guietlca hlatory of ecience philoeophy of acieoee 

IS THE ONLY REVIEW that by meana of iaqolriea among the meet eminent acientiats and authors of 

all countnea (on (Ae pAiIotopiteaf ynnoipfee ^ lit ranous tettntu on tit snost/uniameniai lutronomwol ond 
t«af gueeitoni «/«urr<n{ (ntcreit on lit eorttribuhm thai tAe iiferent eounCne* Aare ^ten to (Ae derefopment tit vonoue 
brancAeie/Anoulcdfc on (A« more important btof<vt«oI gtiestion* ete^ete) etudiee all the mala prebloma dimuaacd 
in int^ectual euxles all over the world and repreaeota at the aama time the first attempt at an international 
organisation of pbiloaophical and acientiSe progreea 

IS THE OITLY REVIEW that among ita contnbutora can boast of the most fllustrloua men of acience in 
the whole world. 

The articles are published ia the language of their autbon and every number baa a sayplement containing the French 
translation of all the articles that are not French The review U thus completely accessible to those who know only 
Fren^ (ITrits /or a / u copy to tAs General Becrctary of 5c««ntia UQan wntf np it cents in stomps «/ your couh 
try merrfy to cocer pocAiny and pottage ) 


SUBSCRIPTION JIOOO port free 

Sobstaotial redoctions are granted to those who take more than one year’s subscription 
For in/ormorton oppiy to SCIENTIA, Via A De TognI, 12 - Milano 116 (Italy) 






THE VIOLOGEN INDICATORS 

By L inCHAEUS and EDGAR S HILL 
{From Ihe Laboralortu of The Rockefeller Jostilule for Uedical Research) 
(Accepted for publication, April 7, 1933) 

INTRODUCTION 

The quaternary bases denved from 7 ,Y'-dipyndyl have proven to 
he useful as oxidation reduction indicators of properties very desir 
able for biological purposes, espeaally because their potential range 
IS very negative, under certain conditions more negative than that 
of any member of the senes of mdicators worked out by W M Clark 
and his assoaates (1) and supplemented by vanous other authors 
The new mdicators will be designated as vtologms accordmg to a 
proposition made in a prebmmary communication (2) They differ 
from other indicators in several respects, m the first place, the color 
IS exhibited by the reduced form, whereas usually the oxidized form 
IS the colored one ' Secondly, the oxidation reduction potential of 
these substances is mdependent of pH In a neutral solution the 
normal potential is very dose to the potential of a hydrogen electrode 
at the same pH, therefore in an alkaline solution the potential is more 
positive, and in an aad solution it is more negative than the hydrogen 
potential at the same pH Therefore, in acid solution their normal 
potential is a hydrogen overvoltage, m other words, rH is negative 

The preparation of one representative of these indicators has been 
bnefly described previously (2, 4) Several improvements and 
simplifications m the preparation of this compound and the prepara 
tion of various homologous compounds, and their properties as re 
gards oxidation reduction potential, as well as their optical properties, 
will be described m this paper 

I Also the anthraqumone sulfonates, studied bj Conant, Kahn, Fieser, and 
Kurtz (3), have a more intense color m the reduced state than in the oxidized 
Their color mtensit> however, is rather small even m the reduced state. 
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Preparations 

It has been known for a long tune that 7 , 7 '-chpyndyl can attach 
two molecules of an alkyl-hahde thus forming a bi-quatemary base 
The method of preparation consisted m preparmg first a quaternary 
base of pyridme and condensing two molecules of it to a dipyridyl 
compound by treatment with sodium amalgam and successive oxida- 
tion As early as 1881, A W Hofmann (5) prepared dibenzyl-dipy- 
ridyhum iodide m this way He considered his preparation as an 
a,a'-dipyridyl derivative Much later Emmert (6) proved it to be a 
7 , T'-dipyridyl compound The yields of this method are poor Since 
Dimroth and Heene (7) discovered a convenient method of preparing 
7 , 7 '-dipyridyl it seemed more convenient to use this compound as the 
parent substance for the preparation of the bi-quaternary bases 
The following procedure of preparing 7 , 7 '-dipyndyl is essentially 
that followed by Dimroth and Heene, and Dimroth and Frister 

(7,8) 

(a) Preparation of y -Dipyridyl — ^50 cc pyndme, dried over barium oxide, 
250 cc acetic anhydnde, and SO gm zmc dust are either shaken by machme for 
6 hours m a stoppered bottle, or stirred mechanically for 2 hours m a beaker The 
yellow precipitate developed is dissolved as well as possible by heating the mixture 
m a water bath at 90°C for 1-2 hours The hquid is filtered off and allowed to 
crystallize m the ice box The yellow crystalhne precipitate is collected on a 
Buchner filter, without washmg, and exposed to the air m a flat dish at 50'’C It 
gradually changes m a not easily reproducible way Sometimes it becomes hght 
brown and withm several days the colorless needles of 7 , 7 '-dipyridyl crystallize 
out withm the brown substance Sometimes the substance becomes brown alto- 
gether Usually the whole mass becomes liquescent and later dries out agam 
Accordmg to the course of these changes, the final yield of y , -y'-dipyridyl may vary 
widely In anj’’ case, after the substance has been exposed m this way to the air 
for several days it is boded with 200 cc water and enough sodium hydroxide added 
to make the solution strongly alkahne It is filtered hot and allowed to crystallize 
m the ice box Then y , y'-dipjTidyl crystallizes m long, white needles andmaybe 
recrj^tallized by dissolvmg m hot, shghtly acidified water and precipitated by 
sodium hydroxide The crystals contam two molecules of water, which they lose 
on drj'mg at 50° The meltmgpomt of the anhydrous substance is 111 0-1120°C 

A test for 7 , 7 '-dipyridyl is as follows a small amount is dissolved 
m 50 per cent acetic acid and some solid cliromous chlonde is added 
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An intense violet color is developed, which fades on shalang in the 
air Instead of chromous chlonde, zinc dust may be applied In 
this case the violet color is only transient and the reduction goes 
further, to a colorless state This second step of reduction is 
ineversible 

(6) N N' Dmelhyl y y* Gipyrid^hum Btchlonde (cr ^{eihyl Vtologen) —10 cc 
dimethyl sulfate and 1 gm y '>''-dip3mdyl are mixed and heated over a free flame 
just to the begmnmg of full boiling After spontaneous coohng the heating is 
repeated once m the same wa> The mixture is poured mto a separatorj funnel 
and so cc •water added The excess of methyl sulfate is removed by repeated 
extraction with ether The aqueous solution Is poured mto a beaker and an excess 
of a concentrated picnc acid solution is added The crj'stals of the picrate are 
collected on a Btlchncr filter, washed with a little acetone sucked nearl> dt> , and 
suspended m 100 cc. acetone A small amount of concentrated hydrodilonc acid 
IS added (1 0 cc ) Graduallj the yellow picrate is converted mto the colorless 
chloride which is insoluble m acetone The crystals are collected and may be re 
cr>'StaUi2ed by dissolving m a small amount of methanol and precipitating with 
a large excess of acetone The substance forms perfect!) colorless needles, which, 
on dr>Tng at SO C , lose the water of crj-stallization The yield is almost the 
theoreUcalone The substance dissolved m •water, on addmg sodium hydrosulfite 
and ammonia, turns deep violet, m higher dilution it is a pure blue, in higher con 
centration a little more violet (7 7' Dip)'Tidyl itself does not give this test but 
develops color only when reduced m an acid medium accordmg to the above 
directions ) 

(c) iV iV' DxdhyUy y IhpyndyUum Btdtlonde {or EUhyl \\ologtn) — ^This com 
pound IS prepared analogously by usmg diethyl sulfate 

(d) N N' DtbciiMyl-y ,y' DiPyridyhum Bichlortdc {or Benzyl Vtologen ) — ^The 
benzyl compound is prepared analogously, usmg benz) 1 chlonde instead of meth) 1 
sulfate 7 7' Dipyndyl, dissolved in an excess of benz>l chloride, dircctlv •yields 
a precipitate on heatmg The boilmg 13 extended to 2 or 3 seconds the mixture 
then poured into a large volume of acetone and a few drops of concentrated h>dro 
chlonc acid are added The precipitate is filtered off and is recrystallized by 
dissolvmg m a small amount of melh\l alcohol and precipitatmg with acetone 
The prelimmary preparation of a picrate is not necessar) If a picrate be prepared 
it can be converted into the chlonde m the same way as "with the other picrates 
This picrate does not crystallize so easily as the others Usuall) it arises first m 
an amorphous state which on gentle heatmg gradually becomes crj'stallme 

(e) N N' Dtbdatne-y y Dtpyndyltum Dtchlonde {or Belame Vtologen) — The 
nitrogen of pyndme can be attached to monochloracetic nad T^en the chlonnc 
of this compound is present in ionic form and the compound is analogous to the 
chlondea of a betame ^9) So it could be expected that y 7'-dip>nd)l might 
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give a double betame compound This compound was prepared as follows 10 
gm monochloracetic acid are melted m a test-tube and Igm Y,7'-dipyndyI is 
added The solution is heated quickly to the boihng point and kept boding for 2 
to 3 seconds Due to the formation of by-products it turns amber-yellow The 
betame was recovered from this solution m the form of the chloride as the free 
betames are very hygroscopic substances The solution is mixed with a large 
excess of acetone and several drops of concentrated hydrochloric acid are added 
The chloride of the betame ciystalhzes from this solution and can be recrystalhzed 
by dissolvmg the dry crystals m a small amount of methanol, addmg a large volume 
of acetone, and, if necessary, reducmg the volume on a steam bath until crystalliza- 
tion begms Further recrystalhzation may be performed by dissolvmg with 
methanol and precipitation with acetone, or benzene ’ 

Analytical data have been presented for the methyl compound m a 
previous paper (2) The analysis of the benzyl compound, dried at 
60° w vacuo, is 

3 786 mg substance gave 9 590 mg CO2 and 2 020 mg water 
3 174 mg substance gave 8 185 mg CO2 and 1 550 mg water 
7 244 mg substance gave 0 430 cc Ns (20°, 759 mm ) 

5 555 mg substance gave 3 885 mg AgCl 

Found C, 69 05, 70 32 per cent, H, 5 97, 5 46 per cent, N, 6 90 per cent, Cl, 17 30 
per cent 

Calculated for C24H22N2CI2 C, 70 57 percent, H, 5 44 per cent, N, 6 86 per cent, 
Cl, 17 16 per cent 

We are mdebted to Dr H EleL for the analyses 

Fecuhaniies mlh Respect to the Technique of the Potentiometnc 
Titration Experiments 

Particular difficulties are mvolved m the potentiometric titration 
of these substances, due to a tendency of the potentials to drift The 
cause of this drift and its influence upon the interpretation of the 
results obtamed shall first be discussed 

The drift may vary, according to the circumstances, from 0 1 to 
2 0 millivolts per mmute, and is always in the direction of the poten- 
tial becoming more positive in tune Such a drift may be due to two 
causes either the reduced form of the substance is a labile molecule 

= It IS worth while mentiomng that the picrate of the betame compound cannot 
be converted to the chlonde by the sunple method described for the other repre- 
eentxtives of this group 
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which gradually disappears hy an irreversible process, or the nitrogen, 
bubhhng through the electrode vessel, contains oxygen To begin 
with the first possibility, it can be shown that the reduced form of 
any of these substances, in absence of oxygen, is perfectly stable 
When a small amount of the ondized form is dissolved in a smtable 
buffer, a suitable reductant added, and the tube then sealed, the color 
developed by reduction does not fade but lasts for weeks This can 
be shown as follows A test tube with a drawn-out neck is filled with a 
solution of m/10 sodium carbonate, some glucose, and 0 S mg , or less, 
of methyl viologen, and the neck of the tube sealed The test tube 
IS kept at 50°C Gradually the blue color of the reduced form will 
appear On diaking, the color will disappear, due to the oxygen of 
the air bubble remaming m the tube By repeated shakmg and 
re reduction at rest, the oxygen will be exhausted, and when this 
point IS reached the color will remain permanently for weeks Thus 
it can be proven that the colored substance is not liable to an irreversi- 
ble destruction during any reasonable period of time, even at pH 10 
or 11 

There remains the second explanation that the nitrogen used tor 
the titration experiments contains a trace of oxygen In all earlier 
expenments, however, the nitrogen appeared to be free of oxygen 
The gas was punfied over copper at dSO'C as desenbed previously 
(10), and the titration vessel was entirely sealed by mercury as de 
senbed m the same paper It could be shown also that this nitrogen 
IS satisfactonly purified, by the fact that other dyestuffs showed no 
drift of the potentials during titration In order to prove this state 
ment, a senes of dyestuffs was selected, which were known to be 
perfectly stable substances, both in the oxidized and the reduced 
forms, and yet very sensitive to oxygen m the reduced form The 
latter condition will, in general, comadc with the condition that their 
potential range is very negative The nitrogen was re tested with 
thionme, gallocyanme (11), and rosmdulme G G (12) The last dye 
seemed to be espeaally suitable on account of its very negative 
potential range Sodium hydrosulhtc was used as reductant One 
expenment will be desenbed in detail 35 cc phosphate buffer 
(pH 7 0), containmg 2 94 X 10~* mol of rosmdulme G G, w ere titrated 
wnth hydrosulfite to approximately SO per cent reduction The 
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nitrogen was bubbled continuously at 74 2 cc /nun (4 45 liter/hour) 
After allowing several minutes for the estabbsbment of the potential, 
the potential was read at regular mtervals Dunng an observation 
of 60 nunutes there was no drift, not even of 1/10 of a milhvolt Con- 
sidenng the exceptionally strict conditions, ^ e the very high dilution 
of the dye and its very high sensitivity for oxygen, this experiment 
seems to show a perfect condition of the nitrogen When, how- 
ever, the same experiment was performed at pH 11 0, a dnft was 
observed, amountmg to 0 2-0 5 mv per minute The dnft became 
neghgible when the flow of gas was stopped The mterpretation is as 
follows 

Reid (13) has shown that methylene white is oxidized by molecular 
oxygen only m a neutral or alkahne medium, whereas at pH 4 0 
it IS virtually stable m an oxygen atmosphere, unless there is a cat- 
alyst, such as a copper salt, present One may mfer from this that 
the spontaneous oxidizabihty of the reduced dyes increases with 
increasmg pH Our mtrogen contamed so little oxygen that the rate 
of oxidation of the reduced rosmdulme was practically zero at pH 7 0, 
but was detectable at pH 11 0 It is understandable that usmg a 
gas with a very low oxygen content, the rate of oxidation will be 
somewhat proportional to the partial pressure of the oxygen The 
oxygen pressure being constant, the oxidation may be negligible at 
pH 7 0, but not so at pH 11 0 

There can be no doubt that any method of purification of nitrogen 
has Its limits An estimation of the efficiency of the method used for 
these experiments may be obtamed as follows According to von 
Wartenberg (14), the cloudy halo that surrounds a piece of yellow 
phosphorus is stiU visible m an atmosphere containing 2 parts of 
oxygen m 100,000 parts of an mdifferent gas but not visible m an 
atmosphere contammg 1 part m 100,000 Our nitrogen caused the 
halo around phosphorus to disappear, so we may estunate the oxygen 
content of our mtrogen to be 1 m 100,000, or less If it were only half 
this amount, it would be sufficient to cause a slight dnft in the poten- 
tial, provided the rate of the effect of this oxygen is appreciable 
Expenence suggests that this effect is unappreciable at pH 7 0 but is 
quite detectable at pH 110 
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On titrating the viologens, we are faced with a situation where we 
not only have to deal with exceptionally oxygen sensitive substances, 
but also are compelled to titrate at, or very near to, pH 11 0 The 
potential range of these substances, even at pH 11 0 or 100, is so 
close to the hydrogen potential at the same pH that full titration 
curves cannot be obtamed m less alkahne solutions 

Therefore, we are justified in attributing the drifts to traces of 
oxygen and must be satisfied with a smaller degree of accuracv than 
nught be desirable, but one has to bear in mmd that on performing 
the titration not too slowly, the whole dnft during the course of the 
titration wdl only amount to 2 or 3 mv This rviU cause only a 
slight distortion of the titration curve and an uncertainty of the 
normal potentials of only a few millivolts 

Inlerprelalion of the Potentiomclnc Curves and Suggestions as to the 
Cheimcal Structure of the Compounds 

On taking ±2-3 mv as limits of error, and applying the principles 
developed previously (IS), we may state that the shape of the titration 
curve IS that of a one electron system and that the normal potential 
is independent of pH throughout that range m which a full titration 
curve can be obtained, t e , pH 10 0-13 0 Both the oxidized and the 
reduced forms have the character of a quaternary base and exist in a 
strongly, if not completely, ionized state at any pH, without changmg 
the state of dissociation with pH So the two forms differ from each 
other only by an electron and never by a full hydrogen atom (or a 
hydroxyl group) and the normal potential must be considered as 
mdependent of pH, not only for that range of pH m which titration 
experiments can be executed, but also in acid solution, in which, on 
account of the overvoltage, such experiments cannot be performed 
The following formula will give a picture of the structure 
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I 

The bivalent cation of the (colorless) 
bi-quatemary ammomnm base R 
means a univalent radical such as CHj 
The p3aidme nngs have the benzenoid 
structure 


IL 

The univalent cation of the (violet) 
reduced form One electron (desig- 
nated as e) has been added to formula 
I and the double bonds have been re- 
arranged The odd electron « is 
shared by both N atoms to supple- 
ment the septet to an octet, alter- 
nately, in rapid succession, this elec- 
tron belongs to the one and the other 
N atom The pyndme nngs have the 
quinoid structure 


The molecule II can be reduced farther The next step of reduction is the 
attachment of another electron to formula II Then the structure of the right 
hand formula is m general mamtained, except for the fact that the octet of either 
N atom IS permanently complete without any shanng of an odd electron bemg 
necessary These compounds are almost colorless, shghtly yellow One repre- 
sentative, namely the benzyl denvative,can be easily produced by reducing benzyl 
viologen m a very alkahne solution (pH > 12) by an excess of hydrosulfite or by 
glucose beyond the violet stage On exposure to the air, oxidation to the violet 
form and subsequent oxidation to the colorless viologen takes place This, how- 
ever, IS true only for the freshly prepared solution, an irreversible destruction of 
this molecule gradually takes place This substance is on the reduction level of a 
dihydrodip>Tidyl Still further reduction leads to the level of the tetrahydrodi- 
pyndyl, of which the substance produced b> reduction of pyndme by zmc m the 
presence of aceUc anhydnde is an example No substance on the tnhydrodipyn- 
dyl level has been known 
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Potaihomclric Ttlrahons 

Potentiometnc titrations were performed for the aqueous solution 
with sodium hydrosulfite at dO^C The most convenient buffer is 
made from disodium phosphate and sodium hydroxide, but the 
titrations can be performed at any pH between 13 0 and 10 0, or 
even 9 0 At lower pH the titration curves are incomplete because 
of the overlappmg with the hydrogen potential The complete- 
ness of the titration curve is mdicated by a jump of the potential into a 
more negative level at the end 
The following tables are examples of the titrations 


if^tliyt Vtologen 


pH =■ II 0 (NasHPOi + NaOH) 

Titrated v.itii sodium hydrosulfite at 30°C d=0 05 
Potentials calculated according to the formula 

r, t Per cent reduction 

£ = — 0 440 — 0 OoOl IoCt;;; 5 ; 

® 100 — per cent reducUon 

All potentials referred to the normal hydrogen electrode at 30°C 


Redoctioa 

Observed poUntul 

CalcnUted poteatui 

ftr ctnl 



0 0 



13 4 

0 3977 

0 3986 

19 6 

1 0 4102 

0 4107 

30 5 

1 0 4252 

0 4254 

39 8 

0 4355 

b 4360 

49 0 

0 4449 

0 4450 

57 S 

0 4531 

0 4538 

67 7 

0 4634 

0 4652 

77 0 

0 4740\ . 

0 4940/**f‘“E 

0 4774 

89 5 

0 5075 


Similar results -were obtamed m many other experiments, m which the iniUal 
amount of the substance was varied from 4 X 10"’ mols up to 4 X 10”^ mols 
dissolved m 30 cc of the buffer, furthermore m pH range varymg from 9 to 13 








pH = 


Ethyl Vwlogen 
11 0 (NajHPO^ + NaOH) 

Per cent reducfaon 


= — U ^ 

ly — U UOUl log CTTpr — 

° 100 — per cent reduction 

Reduction 

Observed potential 

Calculated potential 

Per cent 

0 0 



7 73 

-0 3830 

-0 3844 

15 4 

-0 4050 

-0 4053 

22 6 

-0 4165 

-0 4170 

35 1 

-0 4326 

-0 4330 

44 6 

-0 4431 

-0 4434 

60 1 

-0 4595 

-0 4596 

74 4 

-0 4750 

-0 4767 

92 8 

-0 5120 

-0 5122 

Betaine Viologen 

pH = 11 0 (NajHPOi + NaOH) 

T, «... Per cent reduction 

E 0 444 0 0601 log reduction 

Reduction 

1 Observed potenbal 

1 

\ Calculated potential 

Per cent 

0 0 

1 

1 

1 

1 


7 10 

i -0 3770 

-0 3770 

14 4 

-0 3980 

-0 3984 

21 0 

-0 4103 

-0 4105 

30 6 

-0 4225 

-0 4233 

39 4 

-0 4331 

-0 4332 

53 4 

-0 4472 

-0 4475 

71 5 

-0 4672 

-0 4679 

96 8 

-0 5235 

-0 5320 

Benzyl Viologen 

pH = 8 0 (NazHPOi + KHjPOi) 

„ ^ Per cent reduction 


Reduction 


Observed potential 


Calculated potential 


per ccTtl 

13 1 
18 0 
22 5 
28 0 
33 6 
39 6 
46 0 
54 1 
63 3 
71 1 
80 6 
91 6 


-0 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

-0 

-0 


3087 

3203 

3279 

3353 

3420 

3487 

3555 

3645 

3773 

3924 

3961 

4070 


^Jjdnfung 


-0 3097 
-0 3205 
-0 3272 
-0 3356 
-0 3427 
-0 3480 
-0 3554 
-0 3648 
-0 3772 
-0 3924 
-0 4145 
-0 4215 
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Ahsorption Spectra of the Dyes 

The absorption spectra of all these indicators, in their reduced form, 
consist of a very distmct band Withm the band one can distinguish 



Fio 1 Extinction, E plotted against wave length, X £ is the logarithm of the 
ratio of the mtensity of the inadent light to the transmitted light 
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one distinct maximum of absorption and a noticeable secondary 
maximum The primary peak of absorption is the one towards the 
longer wave length side, except for the benzyl compound, where the 
converse is true Beer’s law holds for these dyes withm wide limits 
The absorption for a highly concentrated solution m a very thin layer 
matches that of a solution more than 20-fold weaker m a correspond- 
ingly thicker layer The spectrophotometric measurements were 
made with the spectrophotometer accordmg to Konig and Martens 
in a solution of the substances kept m the reduced state by adding 
glucose m a phosphate buffer (pH 10 0-11 0) The curves m Fig 1 
show the extinction plotted agamst wave lengths The concentration 
of the dye is different for each curve m order to allow the plotting on 
one graph Therefore the absolute value of the ordinate of one curve 
must not be compared with that of any other But the general shape 
and especially the location of the peaks are comparable For com- 
parison, the spectrum of the reduction product of 7 ,r'-dipyridyl as 
produced by reducmg this substance m dilute acetic acid with chro- 
mous chloride has been plotted Because of the mstability of this 
color over a longer period of time the accuracy of this particular curve 
as to details may not be very high, but good enough to determme the 
maximum and the secondary peak of the absorption The location 
of the various maxima is as follows 


First peaL 


Second peak 


mu 


mu 


Ti'y'-Dipyndyl 
Methyl viologen 
Ethyl viologen 
Betaine viologen 
Benzyl viologen 


582 

601 

598 

605 

598 


550 

570 

570 

558 

555 


Smaller than 
the first 
peak 

Higher than 
the first 


The color of the reduced methyl, ethyl, and betame viologen is 
mdigo blue m very high dilution, somewhat more violet m more 
concentrated solution, that of the benzyl compound is violet in very 
high dilution and more blue m higher concentration The reduced 
form of 7 j-y'-dipjrridyl itself is more red- violet 
The above table does not account for the smaller secondary maxima 
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•which are especially obvious in the betaine compound A remarkable 
peculianty of benzyl inologen is the dependence of its absorption 
spectrum on the temperature The color of the reduced form vanes, 
m a reversible way, from reddish molet at room temperature, to a 
pure blue at high temperatures In the other compounds a small 
trace of this phenomenon is just detectable the color changes re- 
versibly -with mcreasmg temperature from violet blue to a purer 
blue The spectroscopic observation shows that the change iVith 
mcreasmg temperature in the benzyl compound is due to a decrease 
of the first maximum and an mcrease of the second maximum of 
absorption At 80° the first maximum is very high, and the second 
becomes mconspicuous so that the type of the spectrum become^ the 
same as for the other compounds, ■whereas at low temperature it 
differs greatly For the reduced form of 7 ,y' dipyndyl itself no 
change with temperature is noticeable 

The Apphcalton of the Substances as Indicators 
The determmation of the oxidation reduction potentials, -within 
suitable ranges, by means of these mdicators can be made by com- 
panng the color mtensity produced by the solution m question with 
the color intensity which could be produced by the complete reduction 
of the same amount of mdicator The problem is therefore only to 
establish a standard solution m which the indicator may be considered 
as completely reduced The difficulty m preparmg such a standard 
solution lies m the fact that by applymg too strong a reductant the 
reduction may go beyond the first step and partially destroy the 
color A complete reduction without the risk of overreduction can be 
brought about by means of a solution of 2-S per cent glucose in 
u/lO NaaCOj, except for benzyl viologen Here, at pH &10 0, grad 
ually an overreduction would take place The reduction, however, 
will be complete without overreduction at pH about 9 8, i c , a mix- 
ture of 6 parts of ii/S sodium carbonate plus 4 parts of m/5 sodium 
bicarbonate 


The Problem of E-ydrogen Overvoltage 

The problem in question can be best explained by an example 
Supposing we wish to reduce methyl viologen m an acid solution We 
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can do so by using cbromous chloride as a reductant The success 
of the reduction becomes evident by the appearance of the deep blue 
color The chromous-chromic-ion system is supposed to have a 
normal potential of about —04 volt, which at least in acid ranges of 
pH will not depend appreciably on pH So it is understandable that 
chromous chloride m an acid solution (pH 2 to 4) containing no, or 
only httle, chromic chloride, wiU reduce to a certain extent viologen, 
the normal potential of which is about —0 4 volt The striking fact 
is that such an overvoltage potential can be mamtained m an aqueous 
medium One might expect that under the conditions of such an 
experiment water would be reduced and hydrogen gas be developed 
rather than that viologen would be reduced When colloidal palla- 
dium is added to the system viologen -f- chromous chlonde, the blue 
color of the reduced viologen will not arise and the expected develop- 
ment of hydrogen gas withm the solution wiU take place instead 
The only mterpretation imagmable is the hypothesis that the pri- 
mary reduction product of water is not Hj, but roonomolecular hydro- 
gen In the absence of a catalyst the hydrogen atoms will be ac- 
cumulated until equilibrium is attained When, however, a catalyst 
IS present which brmgs about the reaction 2 H?^H 2 with appreciable 
speed, the overvoltage potential will break down 

In the absence of a catalyst these mdicators can be used even for 
the measurements of potentials in the hydrogen overvoltage ranges 
In this respect the potential measurement by means of such an 
mdicator is far superior to a measurement by metal electrodes Plati- 
num or gold electrodes, even when blank, will allow only a very small 
overvoltage Only mercury electrodes will stand an appreciable 
overvoltage, and for this reason mercury electrodes were used, eg 
by Forbes and Richter (16), for measurement of the potential of 
chromous-chroimc systems The application of this mercury elec- 
trode measurement in an overvoltage range meets with great technical 
difficulties There is scarcely any difficulty m applying the indicator 
method 

SUMMARY 

The tabulation gives the normal potentials of the vanous mdicators 
at 30°C , referred to the normal hydrogen electrode, the accuracy is 
estimated to be ±0 002 volt 
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Normal potentials of the viologens at 30°C 

Meth\l viologen — 0 446\olts 

Ethyl viologen —0 449 volts 

Betaine viologen —0 444 volts 

Benaijl viologen —0 359 volts 

Supposmg some solution brmgs about a coloration of one of these 
mdicators to the extent of A per cent of the maximum color, the 
oxidation reduction potential of this solution is E - jEo — 0 06 

IS the normal potential accordmg to the above 
tabulation This normal potential is independent of pH 
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MOVEMENT IN THE CYANOPHYCEAE 
The Effect of pH upon Movement in Oscillatoria 

Bv PAUL R. BURKHOLDER* 

(Fwji the Laboratory oj General Fhynology^ Harvard XJmvcrstty^ Cambridge) 
(Accepted for publication, April 24, 1933) 

As part of a comprehensive study of the nature and mechaiusm of 
the movements of Cyanophyceae, the effect of hydrogen ion concen- 
tration upon the veloaty of translatory movement in Osctllalona 
Jormosa Bory was detemuned under controlled conditions The 
profound influence of the hydrogen ion upon ameboid movement has 
been demonstrated (Pantm, 1923), and the effect of pH upon various 
metabolic processes of motile autotrophic organisms has been shown 
by a number of mvestigators Among others, Maertens (1914) has 
reported that Osallatorta grows best at shghtly alkahne reactions m 
suitable culture media The lethal effect of aads upon Osctllalona 
was noted by Schrmd (1923), and a negative chemotactic response was 
observed by Fechner (1915) However, no quantitative mformation 
concernmg the speed of movement of this alga m relation to hydrogen 
ion concentration has been found in the literature 

Methods 

Oscillatorta was collected from the mud flats along the Charles River (Cam 
bndge Mass ) and grown on 1 per cent nutnent agar impregnated with morganic 
salts accordmg to a formula employ ed bj Uspensky and Uspenskaja (1925) The 
stock cultures were isolated from a smgle filament and grown m Petn dishes under 
diffuse daybght 

For eapenmental purposes, the foUowmg procedure was adopted the dishes 
were wrapped in clear cellophane to conserve the moisture content oftheagarand 
placed m a constant temperature meubator (about 18 C ) some 30 cm distant 
from a 25 watt frosted bulb After a mmimum period of IS hours adaptation to 
these condiUons, the alga was deemed ready for transfer to the observation cells 
The cells emploj ed were of the Van Tieghem type, each consistmg of a glass nng 

• National Research Council Fellow m the Biological Sciences 
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cemented with Picein to a microscopic slide and a round glass cover-lid After 
carefully greasing the upper rims with vaselme, the cells were filled with the stock 
culture solution Small bits of agar contammg the Osctllatona filaments were 
transferred with a platinum needle to a senes of the cover-lids wet with drops of the 
same culture solubon Then the moculated covers were dropped carefully upon 
their respective cells and sealed without the fonnabon of air bubbles The senes 
of preparabons was then placed m an mverted posibon m the incubator for a 
period of about 5 hours, until the algal filaments had begun to ghde freely over the 
inner surface of the cover-glass Different experimental solubons could be sub- 
stituted m the cells by merely shding the covers aside sufficiently to permit en- 
trance of a fine pipette The filaments adhenng to the glass formed a suitable 
preparabon for microscopical exammabon 

The source of lUuminabon for the microscopical observations consisted of a 100 
watt tungsten ribbon filament bulb focused with a condensmg lens onto the plane 
substage mirror From the mirror the hght was reflected upward to a finely 
ground glass plate placed just beneath the stage, and thence directly illummated 
the cell contammg the organisms An mtensity of 26 foot candles was used 
(measured with a Weston photronic cell placed on the nucroscope stage) Infra- 
red radiabon was effecbvely removed (Coblentz, 1911) by mterposmg between the 
hght source and the microscope a glass cooling cell contammg a 2 2 cm thickness 
of 2 5 per cent solubon of copper chlonde m water 

All observabons were made at 22®C with the microscope placed m a constant 
temperature box which could be kept withm a variabon of ± 0 l^C The time 
required for a filament to traverse one space (16 6 microns) of the ocular microm- 
eter was measured with a stop-watch From the average of two readmgs for a 
filament, the velocity was computed m terms of microns per second Ten different 
filaments, which appeared free to move m an unimpeded manner, were chosen for 
each given set of readmgs A set of observabons could usually be made m 10 to 
15 mmutes, dependmg upon the speed of the Oscillatona as well as upon the dex- 
terity of the observer The fact that repeated observabons at mtervals could not 
be performed upon the same filaments is not considered a serious objection, smce 
sunilar methods of observabon upon Osctllatona have hitherto given clear results 
(cf Crozier and Federighi, 1924) 

The solutions were always made up m large volume with glass-distilled water, 
ahquot parts w^ere adjusted to the desired pH with acid or base The lower pH 
values were determmed electrometncally with the quinhydrone electrode and m 
the solubons above pH 7 3 with the hydrogen electrode > 

A series of solutions ranging from pH 4 2 to 112 was obtauied by 
the addition of n/10 HCI or n/10 NaOH to 100 cc portions of Us- 
pensky's solution modified to include KzHPO^ The pH of this stock 

I Thanks are due Dr P S Tang for his kmd assistance with the hydrogen elec- 
trode determmabons 
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solution, as made up, was 7 05, the concentration of salts was 0 211 
gm per liter From two to six separate cells were set up for each pH 
value at different times and a set of readings was made on ten filaments 
in each cell, startmg 5 mmutes after initial immersion of the organisms 
m the test solutions At the end of an hour, during which time the 
cell remamed in the hght on the microscope stage, another set of 



Fig 1 Mean rates of tianslatory movement of OsciUatoria after immersion 
for 1 hour m solutions at different pH values The number of filaments timed 
were 20 at pH 4 75 and 11 2 30atpH605,98 and 103 SO at pH 5 2 and 7 5, 
and 60 at pH 6 2 and 6 7 

readings was made Thus a total of 1600 readings were made upon 
forty different cells in the course of this experiment 
The means of the observations at the begmmng and end of the 
hour showed close agreement for each pH value, with mdications of 
progressive inhibition in the extreme pH ranges In Fig 1 there are 
plotted the mean rates of all readings taken at each pH after approx 
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imately 1 hour Fair activity is indicated between pH 6 0 and 9 8, 
but beyond these points the decrease in velocity is striking A wide 
favorable range appears to he on the basic side of neutrality 

Since this solution contained carbonates and relatively high ratios 
of Ca and Mg which preapitated out at the higher alkaline reactions, a 
sumlar experiment was performed using a different type of formula in 



Fig 2 JMean rates of translatory movement of OscxUatona after immersion for 
2 hours (open circles) and for 8 to 10 hours (sohd arcles) m solutions of different 
pH Each pomt represents the mean value for ten filaments 


makmg up the stock solution This expenment was planned to test 
the influence of the time factor upon movement in solutions covering a 
wide pH range A modification of the solution employed by Maer- 
tens (1914) in his mvestigation of the optimum H+ ion concentration 
for the growth of blue-green algae was utihzed as a stock The 
composition of the solution was as follows Pyrex-distilled water— 
1000 cc , KNOa— 0 1 gm , MgS 04 — 0 05 gm , KjHP 04 — 0 2 gm , 
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Ca(NOi)j — 0 04 gm , and Fe (SOJj — 0 0007 gm (total salt content 
of 0 3907 gm per liter) The pH of this solution, as made up, was 
7 3, from it a senes of thirteen different solutions was adjusted with 
n/10 HCl or n/10 K.OH to cover the range pH 4 35 to 11 2 No 
preapitate could be seen m the alkalme solutions and the maximum 
amount of acid or base required to obtam the extreme ranges was 



Fig 3 Mean rates of translatory movement of Osalhlona at vanous tune 
mtervals after immersion m solutions of different pH Each pomt represents the 
mean value for ten filaments 

considered negligible from the viewpomt of osmotic effects of the total 
salt concentration 

Movement of the Osallalona was observed at repeated intervals 
after immersion in the respective pH solutions, r c , at approximately 
S to IS minutes, 2 hours, 8 to 10 hours, and 24 to 26 hours During 
the intervals between readings the cells were kept m the incubator 
and at from 10 to IS imnutes preceding each of the repeated sets of 
observations fresh solutions were placed m the cells Several sets of 
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data were procured from different cultures, and though the pH range 
showed close agreement in all, the actual rates vaned from one 
culture to another, probably due to varying nutrient relations or 
different water content of the agar The results of one series of 
observations for a smgle culture are presented m Figs 2 and 3 
The data show favorable conditions for movement in a relatively 
wide alkaline range up to about pH 9 5 Below neutrality, activity 
appears to be checked in the region of pH 6 4 Furthermore, at 
unfavorable pH values the inhibition is progressive with exposure 
time That this inhibition is due to pH, and not to the method of 
handling nor to improper adjustment of the dissolved gases, is sup- 
ported by the contmuous high rates for 24 hours in the favorable 
alkalme range mentioned 

It was noted that m acid solutions where inhibition was complete 
there occurred a shrinkage of the protoplasts followed by dissolution 
of the filaments In the mhibitmg alkaline solutions there was on the 
contrary a suggestion of swelling in the vicmity of the transverse 
walls, m such a way as to cause separation of the apical cells by a 
wide hyalme area 

It appears that movement occurs within the pH range which has 
been mdicated as best for the growth of these organisms The 
actual velocity of locomotion as well as the pH range agrees weU 
with the data reported for ameboid progression in contact with glass 
Of course the effect of the hydrogen ion would be modified, were other 
factors altered, « e , the salt content, temperature, light, kind of sub- 
stratum, etc The effect of pH m relation to other variables influenc- 
ing motility demands further mvestigation 

SUMMAEY 

The effect of pH upon the velocity of translatory movement of 
OsciUatonafonmsa Bory in inorganic culture solutions was determined 
Unhmdered movement occurred in the range of about pH 6 4 to 9 5 
Above and below these limits inhibition was marked 

In the unfavorable acid and alkaline ranges inhibition was pro- 
gressive with exposure time, in the favorable range continuous move- 
ment w'as main tamed for 24 hours 
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ANALYSIS OF THE GEOTROPIC ORIENTATION OF YOUNG 
ItATS vin 

By W I CROZIER and G PINCUS 

(Prom the Laboratory of General Phynotogy, Harvard University, Cambridge) 
(Accepted for publication, April 7, 1933) 

I 

Charactenstic differences have been demonstrated among the curves 
representing for each of a number of well mbred strains of rats the rela 
tion between the angle (e) of upward, geotropically onented progression 
upon an inclined surface, and the slope of the surface (a) For a given 
race, at standard age (13 to 14 days), this curve is a reproducible prop 
erty (Crozier and Pincus, 1931-32o) Adequate indicabons have 
been obtained as to the genetic character of the differences which serve 
to contrast diverse races in this respect (Crozier and Pincus, 1929-30 o 
and b, 1931-32 e) The vafiadon of performance (i c ,of9)isalsoachaT 
actenstic property (Crozier and Pmeus, 1929-30 a , 193 1-32 a ) , at equal 
magmtudes of performance it is not affected by the carrying of addi 
tional loads such as modify the speed of creeping and the magnitude 
of the gravitational pull eiqienenced and thus influence the ertent of 
the onented response (Crozier and Pincus, 1931-326, e) The total 
amount of vanation of B may be influenced, as by the injection of 
adremn, but the proportion of this total which is susceptible to control 
as a function of the slope of the surface seems not to be affected (Cro 
zier and Pincus, 1932-33) 

It IS important to determine whether these charactenstic differences 
among the strams of rats examined are retained dunng growth, or are 
instead dependent upon age Suitably prepared adult rats exhibit 
upward geotropic orientation such that 6 contmues to be a definite 
function of slope (a) of surface (Upton and Stavsky, 1932, Crozier, 
Pmeus, and Stavsky, in press) The inquiry has two immediate as- 
pects Are the curves (B vs a) for the several races typically diverse 
when the performance of adult rats is measured? And, do the mdices 
SS3 
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of variation, that is, the measures of mnahhly (Crozier, 1929), change 
with age or with experimental treatments? 

With young rats, of race A , total variation of performance is increased 
after intraperitoneal injection of adremn, although the fraction of the 
total which IS controlled by the intensity of excitation is unaltered 
(Crozier and Pmcus, 1931-32 a), since the relative variation of per- 
formance has been correlated (Crozier and Pincus, 1931-32 c) with 
the total number of functioning sensory units involved m the excitation 
by gravitational pull, it should be possible to test the notion that the 
"total number of sensory units” may be a charactenstic feature of the 
race (genotjqje), independent of age The consideration of 0 permits 
comparisons among results under conditions such that the 0 vs a 
curve IS markedly altered The a pnon reasons for expecting that 
(r/0 should be a function of 0 have been considered previously (Crozier 
and Pmcus, 1926-27) In the present case we desire to deal with the 
alteration of the 0-a curve which may be induced m the performance 
of adult rats of race A following injection of adremn With young rats 
so treated with an appropriate dosage (1) the threshold slope of sur- 
face for the evocation of gravitationally oriented creeping is lowered, 
and (2) the extent of upward onentation on surfaces of higher slopes is 
increased, except at the very highest usable inclinations If the in- 
dices of vanabihty are unaffected by age or by experimental modifica- 
tion of the 0~cx graph, potent evidence is given that the capacity for 
variation of performance under these conditions is a genetic invariant 

n 

Adult rats of race A were prepared for observation by being fed after 
creeping upward upon an inclined runway (c/ Upton and Stavsky, 
1932) The inclination (a) of the runway was vaned irregularly dur- 
mg the period of preparation, 12 to 14 days in duration, two feedmg 
intervals were used on each day The only detectable outcome of the 
procedure is suppression of the effects which in the case of an unpre- 
pared adult rat allow it to creep at random (although very rarely 
indeed downward) 

The two senes of experiments here discussed were carried through 
after considerable expenence with other groups of adult rats Adre- 
nahn chlonde 1 25,000 m Ringer solution to 1 100,000 was injected 
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TABLE I 


l^Iean onentation angles (fl) for adult rats, race A, at vanous slopes of surface 
(«), iy » 4 individuals, n ■» 45 observations, at each slope 


Older of objetvitlon ^ 

1 

a 




deireei 

degrut 

det ca 

7 

15 

59 W 

±1 23 

1 

20 

62 20 

1 48 

10 

1 25 

62 80 

1 45 

2 


63 56 

1 25 

16 

1 

63 93 1 

0 955 

12 

35 

66 06 ' 

1 07 

3 

40 

67 79 

0 964 

8 

45 

70 98 

0 957 

4 

55 

73 49 

0 837 

IS 


77 14 

0 709 

9 

60 

78 68 

0 714 

13 


77 81 

0 711 

5 

70 

78 07 

1 0 781 

14 


81 53 

1 0 482 

11 

75 

80 44 

0 781 

6 

80 

82 94 

0 518 


TABLE n 


Mean onentation angles for adult rats of A strain, following mtrapentoneal 
injection of 0 5 cc. of adrenalin chlondc 1 100000, trails taken J hour to 1 hour 
subsequent to injecbon N ^ A radividuab n « 45 observations at each slope 


a 



degrtts 

dtgrtu 

d*gTW 

12 5 

58 94 

±1 40 

IS 

62 05 

1 25 

20 

64 00 

1 05 

30 

67 63 

0 997 

40 

72 35 

I 08 

55 

77 30 

0 694 

65 

81 30 

0 587 

80 

82 67 

0 600 


intrapentoneally, 0 5 ml being injected J hour to 1 hour before the 
recording of trails made upon the meUned plane (Crozier and Pincus, 
1931-32 o) The temperature was 20-22'’C throughout As with 













886 


GEOTROPIC ORIENTATION VH! 


the young -4 rats (Crozier and Pincus, 1932-33), spontaneous pauses 
m creeping are fewer and of shorter duration following the injection 
with adrenin, and progression is considerably accelerated 
Data upon the orientation of umnjected adult A rats (Series I) 
are given in Table I The two determinations obtained at a = 30°, 
one at the begmning and one at the close of the observations, show by 



Fig 1 Mean orientation angles (0) for adult rats of race A, Senes I, iV = 4 (2 
$ 9,2 cfcfl.K = 45, data m Tables I and II 

their close agreement that there is no progressive “training” effect 
during the measurements, this has also been tested thoroughly in other 
sets of observations These figures are plotted m Fig I 
men injected with adrenalin 1 100,000, 0 5 ml , intrapentoneally, 
these individuals gave mean onentation angles as listed in Table II, 
also plotted in Fig 1 




W J CROZtER AND G PINCTS 


887 


m 

The curve of 0 ®i a for the unmjected adult A rats is quanbtatively 
different from that for adult K rats (cf Crozier and Pincus, 1931-32 a, 
Upton and Stavsky, 1932, Crozier, Pincus, and Stavsky, in press), 
but IS of the same general nature so far as concerns its contrasts v ith 
the corresponding curve for the young individuals of the same strain 



Fig 2 The relative variation oE orientation is the same for adults of race A, 
at equal magnitudes of petlonnance, with adrenm mjccUon (open circlets) or 
without 


(Crozier and Pincus, 1931-32 o) The threshold a is lower, and the 
curve’s shape is different The characteristic "break” near its upper 
end IS present This, as m the case of the curve for young guinea pigs 
(c/ Upton, 1931-32), is due m the adult rats to the inadencc of a differ 
cnt mode of progression, namely galloping, which mvohes a different 
disposition of gravitationally induced pulls upon the legs ns compared 
with the creeping on surfaces of lower slopes As with the >oung 
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A. s, tile faster creeping subsequent to injection of adrenin brings about 
orientation at a lower a, and a general sideward displacement of the 
0-a curve At the new threshold slope of surface, however, the thresh- 
old response (0) is unaffected 

We are specifically mterested m the vanation of performance As 
shown in Fig 2, P E 9/0 is a dechrung rectilinear function of 0, as with 
vanous assemblages of young rats (Crozier and Pincus, 1929-30 ft, 
1931-32 c) The total observed variation (the area under the graph) 
IS 95 8 units, corrected for N' and for n (Crozier, 1929, Crozier and 
Pmcus, 1931-325) This is slightly higher than with the young rats 
(86 umts) But the fraction of this total which is modified as a func- 
tion of 0 IS 56 1 per cent This is identical with the value established 
for the young A individuals (Crozier and Pincus, 1931-32 d), with 
adremn or without 

The variation data for 0 from the rats injected with adrenin are also 
given in Fig 2 N and n are the same for both sets, so the two senes 
are directly comparable Within hnuts set by the fact that each 
P E IS subject to a standard deviation proportional to its own mag- 
mtude, the mdices of vanation with and without adremn are identical 
In this respect the effect of adremn upon the vanation of orientation 
angle differs from that observed m the young A rats There, the Mai 
vanation was markedly enhanced (86 units normally to 127 units with 
adremn), although the fraction modifiable was unaffected It is as 
if factors connected with the ordinary orienting performance of the 
adults were a httle more complex than with the young, this might be 
merely a consequence of faster progression and speedier orientation, 
or of the different posture of the legs m the adults There is a slight 
and probably quite non-significant decrease of vanance of 0, at con- 
stant a, with the progress of a succession of tests in the case of adults 
(cf Table I, eg) which might be significant in this connection if real 
The action of adrenmm the youngy4 rats is to make the orientation proc- 
ess, at given 0, a little less sure and certain, the modifiable and the 
unmodifiable moieties being equally affected, as might be the case if 
there were a slight and more or less irregular increase in muscular 
tonus in the legs This is not at all apparent in the data for adults in 
Table I 

The vanation here dealt with differs from that apparent in (young) 
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hybnd rats (Crozier and Pincus, 193 1-32 e), where very complex (but 
analysable) effects are m evidence We do not as yet know whether 
the pecuhanties of our hybnd rats are continued mto their adulthood, 
and it will be peculiarly mteresting to see whether the mcreased vana 
tion of fl which they show, and their lower proportionate modifiable 
vanation, will respond to the mjection of adrenahn m the fashion here 
disclosed 


rv 

Smce the dosage with adreiun was rather low in Senes I, and since 
we desned to see if very marked mcrease in the dosage might not in 
crease the general vanation of B, a second set of expenments was made 


TABtE m 


The mean onentation angles (fl) tor adult rata, race A (29 9, 2ct' cT), normal 
and injected with adrenm 


<1 1 

Umojtcted 

* 

A4mla 

1 50 000 

9 

Adienln 

1 2S000 

itgrtit 


dtt tts 

itfttU 

20 

60 46 ±145 



25 

61 22 ±1 24 

66 58 ±1 07 

69 30 ±1 23 

35 

66 21 ±1 33 

71 35 ±l 14 

73 80 ±0 869 

45 

74 30 ±0 857 

76 04±1 05 

78 46 ±0 740 

55 

78 54 ±0 716 




upon a slightly different plan After preliminary estabhshment of 
several points upon a normal 0 vs a plot for another lot of four rats, 
tests were earned out after injection of 0 5 ml adrenalin chlonde at 
dilutions 1 50,000 and 1 25,000 The results are collected in Table 
in The curves in Fig 3 demonstrate that the effect of adrenm upon 
the fl ax a graph is a quantitative one, fi being mcreased at constant a 
as a function of the dosage 

The speed of creepmg after the maximum dosage used is about twice 
that m the absence of adrenm, and heavier dosages seemed imprac- 
ticable to use The increased speed of progression is evident on the 
inclmed surface, not when the rats are on a level surface, and is thus in 
the nature of a response to gravitationallj induced exatation Under 
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the conditions imposed in Senes II some effect upon variation of per- 
formance might well be expected Yet when P E e/e is plotted as a 
function of 9 (Fig 4) it is found that there is no divergence whatever 



Fig 3 Mean orientation angles (e) for adult rats, race A, Senes II, N - 4 
(3 c? c?, 1 9 ), « = 45, data m Table III Solid circlets, no adrenin, half circlets, 
adrenin injection, 1 50,000, open circlets, 1 25,000 


from the relationship established for the umnjected adults m Senes I 
or m Senes 11 

v 

The 6 vs a curves for the rats in Senes I and II differ significantly in 
the magmtudes of mean 6 This is a matter of the ages of the rats in 
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the two sets Nonetheless, the indices of vanation are identical, for 
adults of other strains, as we make dear elsewhere, the mdices are 
quite different The rats in Senes I were SJ months old, those m 
Series II, 4 months old The dihference between the two curves is 
not one due to weights of individuals, it is of mterest to notice that 
whereas the weights of the males (124 to 128 gm ) are m excess of 



0,degnees 


Fig 4 RelaUve variations of orientation angles, adult A rats of Senes n {cf 
Table in and Fig 3), are idenUcal with the values found for Senes 1 CF‘B 2) 
Open circlets. Senes I sohd circlets Senes H without adrenin c adrenin 
1 30,000, e adrenin 1 25 000 


those of the females (106 to 109 gm ), the onentation angles for males 
and for females are identical This agrees precisely with the findmgs 
when young rats are employed As in the cases of the expenments 
with added weights (c/ Crozier and Pmeus, 1931—326), the findings 
summarized in Fig 4 would be physically impossible if the observers 
introduced errors of recording, the vanabihty with which we deal is an 
orgamc property of the rats 
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From this standpoint it is evident that the proportion of controllable 
variance of onentation is an organic invariant We have already indi- 
cated that it may be understood as being deternuned primarily by the 
number of receptor units implicated (Crozier and Pincus, 1931-32c, 
cf also Wolf and Crozier, 1932-33) The argument here derives in 
part from the independently justified use of A(P E s/0) /A0 as a measure 
of the dependence of the variation of 6 upon the intensity of the excita- 
tion which 0 measures (Crozier and Pincus, 1926-27) , and in part from 
the way in which the total variation is found to depend upon the rela- 
tive number of receptor units available (Crozier and Pincus, 1929-30 a) 
The observed resistance of the proportionate modifiable variation to 
change, and its specific association with constancy of genetic types of 
rats, are of course entirely consistent with this view — and scarcely with 
any other 

This must not be supposed to imply that variability of orientation, 
taken as a test case for the study of “variabihty of behavior,’^ unll not 
be found open to modification, and indeed in various ways We have 
already pointed out (Crozier and Pincus, 1931-32d) that diverse 
answers will be obtained, in a given case, according to whether one or 
another arbitrary criterion of variation is selected whereby to measure 
For example, if observations of orientation were to be restncted to 
one slope of surface, we should have to say (1) that the performance 
of the adults is less vanable than that of the young, (2) that the 
effect of adrenin is to decrease variation of 9, in the adults, but (3) to 
increase it m the young, and no one of these statements would be in 
any useful sense correct The outcome of the present experiments, e 
are satisfied, is to show that methods may be developed for such stud- 
ies which will make it possible to see precisely what we mean when we 
seek to ask if a given experimental procedure or set of conditions has 
any real effect whatever upon vanability of the performance of an 
organic system Such methods depend upon the measurement of van- 
ation as a function of significant vanables, and they are important 
for a diversity of reasons {cf Crozier, 1929) 

SUiEUARY 

The upward geotropic onentation (angle 9) of adult rats (race A) 
has been measured as a function of slope of substratum The relative 
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vanation of onentation angle is a dedining rectilinear function of 0 
The fraction of the total observable vanation of performance (6) 
which IS controlled by the intensity of cxatation (56 per cent) is identi 
cal with that found for young rats of the same stram, although the 
total vanation is a little greater 

Injection of adremn distorts the B vs a graph in a manner quite 
concordant with the effect obtained in young rats With the adults 
the absolute magnitudes of the vanations of 6, at corresponding intensi 
ties of excitation, are not affected by the action of adremn, and, as 
with the young, the proportion of modifiable vanation of 6 is not al 
tered The vanability of performance, considered as a function of the 
performance, must therefore be regarded as an orgamc mvanant 
Certain consequences of this finding are referred to 
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STIMULATION BY MINERAL AND FATTY ACIDS IN THE 
BARNACLE BALANUS BALANOLDES* 

Bx WILLIAM H. COLEt and J B ALUSON 

(From the Department of Phystohgy and Btochemistry, Rutgers UmversUy 
Ncio Brunswick) 

(Accepted for publication, April 18, 1933) 

A previous study on the stimulating efficiency of the salts of the 
first seven normal ahphatic aads at constant pH (=81 ±01 5), on 
the bamade Balanus balanotdes, mdicated increasing effectiveness as 
the length of the carbon chain increased (Cole, 1931-32) The data 
were presented graphically by plottmg per cent closure, or area under 
plots of percentage difference m number open at the end of 8 mmutes, 
against molar concentration As a first approximation smooth curves 
were drawn through the pomts, and the assumption was made that a 
normal distnbution of thresholds easted m the population of animals 
used It was pomted out that formate seemed to be out of place in 
the order of effectiveness if SO per cent dosure or less (instead of 60 
per cent or more) were taken as the entenon of response 

A complementary study of stimulation by the fatty aads has been 
made by allowmg the pH to vary accordmg to the amount of aad 
added to sea water In addition, three imneral acids have been 
tested Any effect due to the alteration m the (H+) should be iden 
tified by this method Such an effect has been demonstrated, and a 
more detailed analysis of the response as related to the (H+) and to the 
length of the carbon cham has been made possible 

The experimental procedure used was similar to that previously desenbed ex 
cept m the makmg of solutions The followmgacids at from 8 to 14 concentrations 
each were used hydrochloric 0 0002 to 0 0025 N sulfuric 0 0004 to 0 0025 N 

* The experiments were done at the Mt Desert Island Biological Laboratory 
during the summer of 1932 

t A part of the expenses of this mvestigation was met b> a grant from the 
National Research Council for 1932 
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nitric, 0 0002 to 0 00253 n, formic, 0 0002 to 0 002 n, acetic, 0 0002 to 0 003 n, 
propionic, 0 0004 to 0 002 N, butyric, 0 0002 to 0 002 N, valeric, 0 0004 to 0 002 
N, caproic, 0 0002 to 0 002 n, and heptybc, 0 0002 to 0 0014 N The (H+) varied 
from 0 32 X lO"' to 58 89 X 10“^ 

18 liters of each solution were made by addmg the desired amount of acid to 
fresh sea water The mixture was thoroughly shaken and left standmg until the 
(H+l as measured by the qumhydrone electrode became relatively constant 
This mterval was 45 db 15 mmutes Smce sea water is buffered chiefly by bi- 
carbonates, the addition of an acid to the sj'stem liberates carbonic acid and the 
change m pH is an approxunate measure of the amount of carbonic acid produced 
when all of the acid added has reacted with the bicarbonates Under these condi- 
tions the pH of sea water will change by about the same amount when equivalent 
concentrations of strong and weak acids are added If the same concentrations, 
however, are made up m carbonate-free sea water adjusted to a pH of 8 3, the pH 
of the solution will change in accordance with the strengths of the acids added 
Furthermore, if more acid is added than can react with the bicarbonates, then the 
pH of imtreated sea water similarly changes m accordance with the strength of tlie 
acid used 

Each solution was divided mto three parts and each part was tested by a different 
observer* on a different group of barnacles, totalmg 222 individual barnacles 
The rate of flow of solutions over the animals was 250 rfc 15 cc per minute, and the 
temperature was 17 0 ± 0 3'’C The number of regularly active animals (Cole, 
1932) was recorded at 1 nunute intervals and plotted as ordinates agamst time in 
mmutes The three plots for each solution were so nearly alike that averaging 
of the ordmates was justified From the combmed data the percentage of animals 
closmg durmg each mmute mterval was calculated as a percentage on the basis of 
the number of animals open at the end of the mterval as compared to the number 
open at the beginnmg of the test 

Two methods of treating the data were used The first was similar 
to that employed for the fatty acid salts (Cole, 1931-32) Per cent 
closure was plotted against (H+) and smooth curves were drawn 
through the points A family of exponential curves rising sharply 
from the origin, becoming as 3 Tnptotic at progressively greater (H+), 
and reveahng a graded senes of constants, was displayed The re- 
lationships showed that m the lower range all the acids were about 
equally effective as stimulating agents, but that as the (H+) increased 
effectiveness increased wnth the number of CH; groups Very little 
difference between the mineral acids and the first three fatty acids was 

» The writers are mdebted to Miss Helen H Smith and Mr Irv m W Sizer for 
assistance m makmg observations and m man> other ways 
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apparent, but beguming ivitb butync aad the spread of the curves 
decreased and steaddy became less through heptyhc The stimulat- 
ing effect of the fatty aads is clearly related to the disturbances in the 
environment which are produced both by the non polar portion of the 
molecule and by the change m (H+) Compared with fatty aad 
salts at constant pH, the free acids are about ten times more effiaent 
as stimulating agents for the bamade 
Tor preliminary mterpretation the following development is helpful 
If the amount of change in the number of animals open (c) as com 
pared with that of the mtensity of stimulation (x) is proportional to 
(c) then the foUowmg equation may be written 



Upon mtegration, equation (1) becomes 



where c is the original number of animals open To show the rela- 
tionship between per cent closure and mtensity of stmiulation, equa 
tion (2) may be revised as follows 

Per cent closure = 100 — IlOe”** (3) 

The total disturbance to which the animals respond within a fixed 
time IS proportional to two forces, one related to the change m the 
(H+) and the other to the field of force around the anion of the aad 
added to the environment Both forces may be measured in terms of 
(H+), and the foUowmg expression may be developed from (3) to fit 
the data obtained at the end of a 4 minute interval 

Per cent closure - 100 - lOOe-" nmmi 0 (4) 

where z is (H+) X 10’ and n is the number of carbon atoms (if present) 
in the anion of the aad 

A f amil y of exponential curves, denved from equation (4), is re 
produced in Fig 1 The lowest curve, where n = 0, approximately^ 
describes the relationship between per cent closure at the end of 4 
minutes and the change m (H+) produced by adding one of the 
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acids The curve for formic acid, where n = \ (not shown m Fig 1) 
IS almost coincident with the one for mineral acids, lying only slightly 
above the latter ^ No great difference between the stimulating effi- 
ciencies of the mmeral acids and of formic acid appears, which means 
that equivalent concentrations of the anions enter mto the equihbnum 



Fig 1 A senes of exponential curves denved from equation (4) m the text 
The plotted pomts are average values obtained by usmg the follovring acids 
HCl (©), H^Oj C^), HNOi (-1-), formic (©), acetic (X), propionic (O), butync 
(©), valeric (□), caproic (a), and hept>lic (o) as stunulating agents on the 
barnacle Temperature = 17 0 ± 0 3°C 

of the system stoichiometrically Structure of the anion appears to 
play no role m the case of these acids 

The next sue curves, for acetic, propionic, butync, valenc, caproic, 
and heptylic acids, represent the effect of increasing fi from 2 to 7 
inclusive By adding these acids to sea water there is produced an 

* The ordmates for the formic acid curv e arc on the average less than 1 per cent 
(of closure) higher than those for the mineral acid curve 



Wn-LIAM H COM AND J B ALLISON 


899 


additional effect correlated with the structure of the anion and quan- 
titatively determined by the number of CH groups WTien the car- 
bon chain contains 5 atoms or more this additional effect becomes 
approximately equal to the hydrogen ion effect As nould be ex- 
pected, the difference between the members of the senes becomes 
more and more marked as the concentration mcreases 

Deviations of the data from the theoretical mterpretation just 
presented are noticeable, and appear to be greater than the expen 
mental errors m measurement A more complete analysis demands 
that these deviations be considered as significant The second 
method of treatmg the data was to plot per cent closure agamst 
log (H+), givmg equal weight to each pomt’ Unmistakable evi 
dence of a compound sigmoid relationship appeared for each acid, as 
illustrated m Fig 2 Although indications of the sigmoid char 
acter of the curves were noticed when (H+) was plotted as abscissae, 
they became marked in the log (H+) plots The amount of exatation, 
as measured by per cent closure, can therefore be considered more 
accurately as a loganthmic function of the (H+) Now if a normal 
distnbution of one kmd of receptors withm the population were 
mvolved, an S shaped curve should more clearly describe the data 
than the shape of the curves shown m Fig 1 If more than one 
group of receptors, or if more than one group of thresholds, exists m 
the population, then the plots should indicate it by the number of 
summated sigmoid curves The importance of such an analysis has 
been emphasized by Hecht (1927-28) and by Crazier and Pincus 
(1929-30, 1931-32) for other cases When the differential of tlie 
curves, related to log (H+) X 10*, a significant 

senes of tnmodal distnbution figures appears (Fig 3) It may be 
assumed that each figure is the resultant of three approximately sym 
metneal distnbution curves, indicatmg m the population of animals 
(or m any one mdividual) the existence of three chcmoreceptor groups 
diffenng in mean thresholds Overlappmg of the groups is apparent, 
and the per cent closure is detenmned additivdy as the (H+) increases 

It IS impossible to know at this time the exact number of groups, 

• Log (H+) was used in order (1) to plot conveniently the highest (H+), and (2) 
to spread out the points near the lowest (H+) values 
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■wiietlier they are morphological or functional units, and whether they 
are groups of receptors or of individuals If the multimodal sensi- 
tivity IS due to forces other than those correlated directly wnth the 



Fig 2 Plots shoeing the compound sigmoid relationship between per cent 
closure and the log (H*) X 10® for h^drochlonc, sul/unc, nitnc, formic, acetic, 
propionic, but>Tic, \-alenc, caproic, and hepUlic acids when used as stimulating 
agents on the barnacle Temperature — 17 0 ± 0 3®C 

stimulating agents then the system is a fluctuating one, and the 
phenomenon could not be correlated alone with the stimulating agent 
but also vnth other %anables such as age factors and a fluctuating 
enwonment Since exactly the same population of individuals was 
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employed for each acid, and smce some checks were made on the re 
liability of former results over an interval of 10 weeks, it is believed 
that the three or more groups represent receptor groups with differen 



Log (H+) A 100 


Fig 3 Differential plots of the corresponding curves in Fig 2 The scale along 
the * asis is identieal to that m Fig 2 Each figure is separated into three sjun 
metrical distribution curves For further explanation see text 

tial sensitivity Information concerning the correlates of such 
differential sensitivity may be obtained from further investigation 
At any given (H+) the stimulating forces attributable to the 
hydrogen ion are constant, and any difference m sensitivity of cor 
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responding groups among the ten acids may be due to the difference 
in the field of force around the anion The per cent closure obtained 
at a given (H+) is the result of the summation of the excitation of all 
three groups for each acid as presented in Fig 2 If the degree of 
closure (from 60 to 80 per cent mclusive) is considered a measure of 
stimulation, equally effective hydrogen ion concentrations for the ten 
acids may be calculated and plotted agamst the type of anion (for 
example, the number of carbon atoms in the molecule), indicatmg 
the following order of stimulating efficiency for the fatty acids 
heptylic>caproic>valenc> butyric = acetic > propionic = formic, 
and for the mineral acids hydrochlonc> sulfuric > nitric 
The second method of analyzing the data leads to essentially the 
same conclusion as the first one does, namely, that stimulation by 
mmeral and fatty acids m the barnacle is correlated with two closely 
related factors, the (H+) or the potential of the cation, and the field 
of force around the anion New information is revealed indicating 
the presence of three or more groups of receptors and their differential 
sensitivities, which explains why the first analysis is incomplete, why 
It does not show differences between the effects of the chlonde, sul- 
fate, and mtrate amons, and why the order of effectiveness among 
the fatty acids shows some vanation from what might have been 
expected 


SUMMARY 

1 Stimulation in the rock barnacle Balanus balanoidcs by hydro- 
chlonc, sulfuric, and nitnc acids, and by the first seven members of the 
normal aliphatic acid senes has been studied The hydrogen ion 
concentrations of the solutions tested vaned from 3 2 X 10~® to 
5 889 X 10~® The cntenon of response was percentage closure in 
groups of individuals, recorded at 1 mmute mtervals until maximum 
closure occurred 

2 The intensity of stimulation by these acids is proportional to the 
effects of two forces, one related to the change in the (H+), and the 
other to the field of force around the anion of the acid added to the 
environment 

3 A prehminarj' interpretation of the results led to the develop- 
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laent of the followmg expression which fits approximately the data 
obtamed at the end of 4 minutes 

Per cent closure ■= 100 - lOOc*” *•+(“ O-o 4) 

where i is the (H+) X 10’ and n is the number of carbon atoms (if 
present) m the anion of the acid This equation assumes that the 
anions of the mineral acids enter into the reaction stoichiometncally, 
and emphasizes the difference in the fields of force around the anion 
of the fatty aads, a difference which is correlated with the length of the 
carbon chain 

4 A further analysis of the data revealed the presence of three or 
mote receptor groups which appeared to be differentially affected by 
forces onginatmg from the amons of the acids 

5 The order of stimulatmg effiaency for the mmeral aads was 
found to be HC1>H SOi>HNO» 

6 The order of stimulating effiaency for the fatty aads was found 
to be heptvhc>caproic>valenc>butync = acetic >propiomc ■= 
formic 
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PHOIIC STIMULATION AND LEG MOVEMENTS IN THE 
CRA\TISH 

Ilv B KROPr AND E V E\ZMA\V 

(From the Laboratory of General Ph\siolog\^ Harvard Umicrstt\ Cambridge) 

( Accepted for publication April 5 1931) 

The doctrine of tropistic orientation of inimals postulates that the 
stimulus acting asymmetncally upon the sense organs is mediated b} 
the central and peripheral ner\ ous s\ stem in such a t\ a> as to set up 
a state of differential muscle tonus on the two sides of the reacting 
animal This results m the unequal action of the effectors, such as 
leg muscles, in such a waj that the entire animal turns either towards 
or aw at from the source of stimulation This is the doctrine as ad 
vanced by Loeb and since repeatedlv found satisfactory as a probable 
phj sical basis on which to account for a multitude of obserted phenom 
cna More important it has permitted the formulation of equations 
which take into account the intensity and direction of action of the 
stimulus the number and distribution of the sense organs affected, the 
position of the animal before during and after completion of onenta 
tion and the kinds of leg and body mo\ ements Such general form 
ulae eaist for example for geotropic orientation in some arthropods 
fCrozier and Stier 192S-29 Kropp and Crozier, 1928-29), and in 
rodents (c/ Crozicr and Pincus 1932-33), and for phototropic onenta 
tion of xarious forms (Crozier, 1925-28, Mitchell and Crozier, 1927- 
28) 

Orientation reactions resulting from unequal leg mo\ ements induced 
by changes at the receptors have been obserr ed m the w ater scorpion 
Ranatra (of Crozier and Eederighi 1924-25) After remoxal of one 
ej e the legs of each anatomical pair mo\ e in phase sxmehronousU in 
swimming although the animal now makes circus movements towards 
the side of the intact eye Such mo\ ements are unmistakabK obsened 
to result from the relatixe changes in amplitude of stride on the two 
sides — decreased on the side of the intact ej e and increased on the 
905 
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Fig 2 a and b The left eve of Cambarus was sealed with lamp black The right leg moves with greater frequency 
and amplitude than the left leg 
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opposite side That such effects are due to the tonic effect of light 
stimulation on the leg muscles is also borne out by the determination of 
changes in amplitude of leg movements with changes m light intensiU 
in intact arthropods (Welsh, 1932-33) 

In the crayfish Cambartis clarktt it is possible to demonstrate a 
differential muscle tonus resultmg from unequal illumination of the 
two eyes The animal was fastened to a paraffin block and immersed 
in water, but the appendages were kept out of contact with the hot 
tom and sides of the container The second w alking legs on right and 
left sides were connected at the distal end with a writing lever and the 
leg movements were thus recorded on a rotating kymograph drum 
Obviouslv, the movements recorded included vertical sweeps of the 
legs and joint movements not ordinarily seen when the animal is walk 
ing Such movements, however, were not aery frequent and were 
equal on the two sides 

Tig 1 shows the leg movements of an animal with both eyes equally 
exposed to light There is no great difference either in frequency or 
in amplitude of movements On covering one ej e with lamp black and 
exposing the uncovered eje to light, a marked difference in leg move 
ments on the two sides is apparent (Fig 2) The mov ements of the 
leg on the side of the exposed eye are more frequent and are of greater 
amplitude On covering the exposed eye, the leg movements again 
become approximately equal m frequency and in amplitude (Tig 3) 
Due to certain practical difficulties, it was not possible to sever the 
nerve supplying the second walking leg but a check w as obtained by 
severing the nerve at the base of one eve stalk On exposing both 
eyes to light immediately after the operation the leg on the side 
with the severed optic nerve shows greater activity than the normal, 
due probably to the effects of severing the nerv e Shortly afterwards 
the denervated eye is dropped off and thercalter the leg on that side 
acts as though it were on the side of a normal but cov ered ey e (Tig 4) 
With both eyes functional leg movements of the two sides are equal m 
number but do not occur synchronously With both eyes covered, 
however movements were both synchronous and equal According 
to these results the animal should be photonegative, which in fact it is 
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Tig 31) Same as 3 a, but on a slower drum, showing bursts of activity separated by periods of tonic immobility 
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ORIENTATION AND LEG MO\rEM;ENTS 


SUMMARY 

When Camhams clarkii is exposed to a source of light so that both 
eyes are equally illuminated, leg movements of the two sides are equal 
in frequency and amplitude 

On covering one eye and exposing the uncovered eye to light, leg 
movements on the side of the uncovered eye are more frequent and are 
of greater amplitude than on the side of the covered eye On cover- 
ing the exposed eye also the leg movements on the two sides again 
tend to become equal in frequency and amplitude 

When one eye is lost and the other remains functional, the leg 
movements on the side of the lost eye will be similar to those on the side 
of a normal, covered eye 
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QUANTITATIVE ASPECTS OF CUTANEOUS SENSORY 
ADAPTATION I* 

Bv HUDSON HOAGLAND 

(From the Fhyaohgtcal Lahoralory, Clark XJmversity, Worcater) 
(Accepted for publication March 29, 1933) 

I 

A method has been described for recordmg action potentials in 
single nerve fibres from smgle tactile receptors in the skin of the frog 
(Adnan, Cattell, and Hoagland, 1931) Leads were placed on one of 
the dorsal cutaneous nerves cut near the skin to record the antidromic 
impulses which are produced m a suitably selected single fibre by 
stimulation of some cutaneous area (c/ Hoagland, 1932) The action 
potentials were amplified and then recorded with a loud speaker and 
with a Matthews oscillograph used with a rotating mirror and camera 
Stimulation of any desired frequency, duration, or intensity was se- 
cured by applying to the skm surface a jet of compressed air mter- 
rupted by a toothed disc fitted to a dental drill and revolved by a 
motor 

The receptors of the frog’s skin were found to adapt very quickly 
to a contmuous air jet, the rate of adaptation being comparable to that 
of an ordmary nerve fibre and thus diffenng from the slow adaptation 
of stretch receptors m muscle (Matthews, 1931) 

With repeated air blasts of short duration, j c about Sir, only a 
smgle impulse is set up for each puff of air If the frequency of stimu 
lation IS sufficiently great the end organ soon fails to follow every 
stimulus, more and more impulses bemg dropped out until the re- 
sponse ceases entirely In a previous paper Cattell and Hoagland 
(1931) exanuned this failure, which they regarded as an example of 
sensory adaptation, the rate of failure depends pnmanly upon the 
frequency of stimulation, the duration of the stimulus, and the inter 

• The experiments described m this paper were earned out m the Phj-siological 
Laboratory at Cambndge University, thanks to the fcmdness of Dr E D Adnan 
who made available to me the necessary facdiUes 
9H 
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val between the stunuli The time for complete adaptation, up to the 
complete failure of responses, was found to vary from a few seconds at 
high frequencies of excitation to more than an hour at low frequenaes 

u 

For the purposes of these experiments "adaptation” may be defined 
by measuring its rate as the speed of declme of frequency of the elec- 
trical responses m a smgle afferent fibre when an mtermittent au pulse 
of constant frequency from a constant-pressure source is applied to the 
skm, at a fixed distance from it Preliminary expenments with 
different discs showed that after the beginnmg of failure of response 
to continuing intermittent stimulus, the curve describmg the failure 


TABLE I 


Dural wn of Sit mult for AU Discs = 5 6a- 


No of notches m disc 

Stunuh 

Second 

Stunulus time „ Area lemoved 

ResUng tune Area retained 

1 

17 S 

0 111 

2 

35 0 

0 251 

3 

52 5 

0 428 

4 

70 0 

0 670 

5 

87 5 

0 994 

6 

105 0 

1 500 


of response m any given experiment follows either one or another of 
two simple empirical formulas To ascertam the possible significance 
of these formulas, adaptation was measured as fimctions of various 
tune relations of the stimulus as determmed by properties of a senes 
of discs In this way, for example, the rate of dechne in frequency 
might be measured as a function of the size of the notches in the disc, 
and as a function of the duration of the rest period between stunuh, 
as determmed by the amount of sohd area left between the notches 

A senes of six celluloid discs of 26 mm diameter was constructed, mth from one 
to SIX notches m each disc The notches were carefully cut so that they were all 
of equal size, correspondmg to a constant duration of stimulus of 5 6a when the 
disc was rotated at 17 5 revolutions per second, the speed used throughout the 
expenments Certam significant properties of the series of discs are given m 
Table I 
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To facilitate changing the discs during m CKpenment a method dcMsed b\ Dr 
McKeen Cattell and used b> us m our previous experiments uas emplo\ed One 
of the notches of each disc was continued through to the centre so that the disc 
could be slipped on and off between small metal plates fitted to the end of the dental 
drill shaft and forced together b> a spring In this wav not onl> was changing the 
discs facilitated but the position of the air nozzle clamped to the drill immcdiateK 
above the revolving notches was kept fixed — a matter of considerable importance 
m mamtammg constanev of stimulation throughout an experiment 

Fig 1 IS a reproduction of the senes of discs In ail of the preparations used 
brain and cord were pithed so that no movements of the frogs occurred after set 
ting the nozzle in position above the receptor 

Fig 2 gives typical photographic records for two preparations show 
mg the decline in frequency of impulses after failure begins The 
disc used was No 5 (Table I), which causes rapid adaptation 


I 2 3 4 5 6 

Iir 1 Outlines of series of discs X i 

The method of averaging emplo>ed may possibly have a bearing on 
the form of the equations here used to relate frequency of response to 
time The procedure consisted in counting the number of impulses in 
a convenient period as measured by the time marked on the record 
after adaptation had begun to manifest itself by the first dropping out 
of an impulse m the senes of responses to the stimulus Since the 
frequenev of stimulation \ aned from disc to disc and since the number 
of impulses per unit time on the records decreases rapidl> with adapta 
tion, It was convenient to use a kind of moving average in which the 
times corresponding to a convenient number of impulses were meas 
ured Trial computations showed no discrepancies in the forms of the 
curves of adaptation with wide variations m the number of impulses in 
the units used for averaging 

Fig 3 IS an example of the tvpical decline in frequenev (expressed 
as percentage of the maximal frequency), plotted against the time 
from the first appearance of failure to respond, for Discs 1 3, and 6 
The points represent two sets of random observations for each of 



I second 



HUDSON HOAGIAND 


91S 


these discs taken over a penod of about half an hour The good fit of 
the curves to both these sets of observations shows that no irreversible 
changes influencing adaptation had taken place in the course of the 
experiment 



Flo 3 Plot of per cent frequency of response against time, after the first fail 
lire of response to intermittent stimulation for Discs l,3,and6 The experiment 
shows two sets of observations for each disc 
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Fig 4 gives the rectified form of these curves, it is seen that they 
are fairly described by the equation 

t = —k log/ + C, 

where t is the elapsed time,/ is the corresponding per cent frequency of 
response, and —k is the measure of adaptation, the velocity constant 
of the process of adaptation 

This empirical equation is essentially of the form of that of a first 
order process, if it should be assumed that the frequency depends upon 
the concentration of a substance which is used up durmg stimulation 
Adaptation is also seen to be more rapid to discs with larger numbers 

of notches and with relatively higher ratios of more 

conveniently written S/R This obvious increase in rate of adapta- 
tion {—k) with increase of S/R is suggestive when one considers the 
apparently reversible nature of the adaptation process We may 
picture adaptation as occurring durmg the time that each stimulus is 
on and recovery taking place reversibly at the same time but with the 
recovery greatly accelerated durmg the intervening rest periods, the 
value of — ^ being essentially proportional to the equilibrium constant 
for the reversible system 

To test the effect of stimulus duration and of the rest period duration of the 
revolving discs on -k, a senes of twenty-eight preparations was examined The 
skm was stimulated by the mterrupted air jet and the responses were photo- 
graphed For discs with few notches and with relatively long rest periods, such as 
Disc 1, the impulses were found to follow the stimulus for several mmutes with a 
subsequent progressive dechne m frequency which might last an equally long 
period To conserve photographic paper, sample records were taken at measured 
intervals of from 5 to 20 seconds With the discs above Disc 2 m the series it was 
usuallj'’ possible to photograph the complete adaptation on one record as is shown 
in Fig 2 with Disc 5 The first disc tested was generally No 6, which produced 
the maximal adaptation of the series, and this first disc was then used as a control 
After obtammg records m haphazard order from all the discs of the series, the first 
disc, generally Disc 6, was agam used If the rate of adaptation to this control 
disc as recorded by the loud speaker, and subsequently venfied quantitatively 
from the photographs, was the same at the end as at the begmnmg of the experi- 
ment, lastmg about 20 mmutes, the preparation was assumed to have suffered no 
irreversible changes This test of the mtegrity of the preparation is important 
smce many preparations show progressive failure despite care m shieldmg the nerve 
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from the air and m bathmg the tissueswith fresh Ringer s solution Out of tv,enty 
eight preparations, seventeen only shotted constancy of adaptation to the control 
disc The remaining eleven experiments were accordmgly discarded as irrelevant 
to the present discussion 

Room temperatures ivere recorded by a thermometer placed near the prepara 
tion and fluctuations of more than 0 2®C were seldom recorded during an expen 
ment There was little day to day fluctuation of the room temperature which 
remamed at approximately 17 ±1®C The stimulating air used was essentially 
at the temperature of the room, smce it had ample time to cool after compression 
m a large storage tank and was piped for a considerable distance through the 
building The jet blown on a thermometer bulb did not change its temperature 
by as much as 0 1®C Coolmg of the skin by evaporation was prevented by 
pamtmg it wnth oil T^ie nerve was shielded from the stimulus by drawmg it mto 
a glass tube coniauung the leads to the electrical recordmg system and packing 
cotton soaked m Ringer solution around both ends of the tube Moist packing 
was also placed around the incision, mcluding the millimeter or so of nerve 
between the junction with the animal and the entrance of the nerve mto the 
glass tube 

Tp compare the effects of the ratio S/R for different discs the per cent decline 
m frequency was calculated, 100 per cent was the maximal frequency of response, 
correspondmg to a one to one relation with the stunulus frequenej of the disc 
In this way absolute differences m adaptation rates due to the fact that the disc 
stimulates at different frequencies were eliminated and the relative adaptation 
rates became comparable ^ 


m 

Two different forms of adaptation curves were obtained with the 
seventeen preparations successfully examined The first type of 
result has already been mentioned and is given in Figs 3 and 4 Here 
adaptation is typically desenbed by the equation 

/ » — A log/ -h C 

The second result is represented by characteristic adaptation curv es 
which, while superficially resembling the curves of Fig 3, differ funda 
mentally in the type of empirical relation describing them Fig 5 
IS the typical plot of such an experiment for three of the discs, and Fig 
6 shows these curves rectified The logarithm of the time is nearly 

» In the present experiment it has not been possible to vary S/R from disc to 
disc without also varying the frequency of stimulation (cf Table I) 
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Sec 0 2 4 6 8 10 J2 14 16 18 20 


Time 

Fig 5 Plot of per cent frequency of response as a function of time for three 
discs showmg rapid early failure of response as contrasted to the curves of Fig 3 



Log (lOO X time) 


Fig 6 Rectified form of the curves of Fig 5. 
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enough an inverse linear function of the logarithm of the per cent fre 
quency The curve is hyperhohc, described by the equation 

where / and i are respectively frequency and tune, and a and -i ate 
constants The constant -6 is defined as the adaptation rate in 
the sense m which ~k was defined above This comparison ol —k 
and —6 IS obvious when loganthms are taken on both sides of the 
hyperbolic equation, 

log I log o — log/ 
log! « X — b\ogf 

—6 IS seen to be the slope of the hne relatmg log 1 and log/ 



FIc 7 Figure showing constancj of response to control Disc 6 o\ er an interval 
of about 20 minutes The plot shows three sets of data taken at mtervals of from 
5 to 10 minutes during an eipcnment 

Fig 7 is a plot of per cent frequency cj lime from three records with 
Disc 6 made at mtervals of from 5 to 10 mumtes during an expemnent. 
The plot shows great constancy of response to Disc 6 
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IV 

The difference in the forms of the two equations for adaptation rate 
suggests possible uncontrollable experimental differences, and these 
were accordmgly looked for but were not found The preparations 


TABLE n 


Values of —k as Decimal Parts of the Values for Disc 6 


Disc No 

1 

2 

3 

4 

s 

6 

Eipermient No 







6 

0 0504 


0 38 



1 00 

8 A 

0 0305 



0 305 


1 00 

8 B 


0 146 


0 57 


1 00 

9 

0 0380 


0 258 



1 00 

11 A 



0 00296 

0 221 


1 00 

11 B 

0 065 



0 325 


1 00 

13 A 


0 00348 

0 348 

0 665 


1 00 

13 B 



0 145 

0 109 

0 713 

1 00 

ISA 

0 0094 

0 088 


0 161 

0 456 

1 00 

Means 

0 0387 

0 064 

0 227 

0 337 

0 584 

1 00 


TABLE m 


Values of —h as Decimal Parts of the Values for Disc 6 


Disc No 

1 

2 

3 

4 

s 

6 

Experiment No 







4 

0 0907 


0 682 

0 675 


1 00 

7 

0 686 

0 857 

0 813 

1 00 


1 00 

8C 






1 00 

16 B 

0 175 



Wmm 

mBm 

1 00 

17 B 


0 563 

0 658 

WBm 

WBm 

1 00 

18 C 

0 258 

0 239 



1 00 

1 00 

Cleans 

0 302 

0 553 

0 717 

0 748 

0 860 

1 00 


showmg loganthmic adaptation were scattered qmte at random 
among those showmg hyperbolic adaptation In several cases a par- 
ticular nerv’^e would show either the loganthmic or the h 3 q)erbolic 
adaptation while an adjacent nerve m the same frog tested rmme- 
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diately afterwards would show the other of the two charactenstic 
forms In two cases a shift from the logarithmic to the hyperbohc 
form of curve occuned durmg the course of the experiment, despite 
the fact that adaptation to Disc 6 was maintained constant to the end 
Of the seventeen preparations, nme were of the loganthmic type and 
six were of the hj'petholic type, while two showed a change from one 
type to the other m the course of the experiments It so happens 
that in the figures presented logarithmic adaptation is shown as oc- 



Fig 8 Plot showing linear relation between the taUo S/R and the mean \e 
locities of the loganlhnuc type of failure 

cumng with Discs 1, 3, and 6, and hyperbolic with Discs 2, 4, and S, 
but there is m fact no tendency for a particular disc to give a particu 
lar type of adaptation curve, as may be seen from Tables II and III 
In numbenng the expenments tlie numbers refer to individual frogs 
and the letters A, B , C, and D refer to different dorsal cutaneous nerve 
preparations in the same frog 

Fig 8 IS a plot of the mean values of the adaptation rate — i, as a 
function of the ratio 
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CUTANEOUS SENSORY ADAPTATION I 


Fig 9 IS a plot of the values of —5 as a function of the logarithm of 

^ ^ Stimulus tune 

the ratio — r r— — • 

Resting tune 

While statistically the data are meager, especially more so for some 
discs than for others, a plot of the means is justifiable smce plots for 
mdividual preparations, while showing considerable variation, follow, 
in general, the functions shown by the means 



Fig 9 Figure showing the Imear relation between -b, the velocity of hyper- 
bohc failure, and the loganthm of S/R. 


V 

The foregomg experiments were undertaken with a view to elucidat- 
ing the kmetics of cutaneous sensory adaptation but the findmgs do 
not at present warrant much m the way of theoretical generalizations 
It IS clear that responsiveness of a receptor dechnes rapidly during 
the tune that the stimulus presses on the skm and that this respon- 
siveness returns partially m the brief mtenm between stunuh Several 
paradigms have been proposed which could account for the quanti- 
taUve aspects of this effect, but more experiments are necessary be- 
fore it will be possible to decide m favor of any one mechanism 
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The fact that some preparations give loganthmic adaptation while 
others give hyperbohc adaptation is difficult to account for It is 
possible that these two forms may be hmitmg cases of a smgle general 
underlying equation It is mterestmg m this connection to note that 
m two preparations dear shifts occurred from loganthmic to hyper- 
bolic adaptation dunng the covuse of the expenments 
There are certam lirmtations to the method One of these was the 
impossibihty of keeping the frequency of stimulation and the duration 
of the stimulus constant when varymg the ratio S/R from disc to disc 

Fd 

The ratio S/R may be shown to be cqmvalent to where F is 

the frequency and d is the constant duration of the stimulus It is 
dear, therefore, that frequency is a vanable along with S/R and may 
modify the adaptation in some way mdependently of S/R One can 
compare adaptations by using the per cent dedme of the frequency of 
impulses as a measure of the response, but, experimentally, frequency 
of stimulation was a vanable along with S/R. 

SDiaiARV 

1 Adaptation of tactile receptors in the skm of the frog to exata 
tion by an intenmttent 3et of air is measured and correlated with 
certain properties of a senes of notched discs used to interrupt the air 
stream 

2 Adaptation in fifteen cases is found to be descnbed by either one 
of two empincal formulas, 

1 « — fe log/ + C for nme preparaUons 
1 = a/~* for sii preparauons 

where/ is the per cent frequency at time ( and — k and — b are constants 
defimng the rate of adaptation 

cnKTiom 

Adrian, E D , Cattell J M , and Hoagland H 1931 J Phystol 73, 377 
Cattell, M., and Hoagland H , 1931 J Phystol , 72, 392 
HoaglaM H 1932,/ Gen Psychol, 276 
Matthews B , 1931, J Phystol , 71, 64 




REACTIONS or VALONIA AND OF HALICYSTIS TO 
COLLOIDS 


Bv E M EAST AHD BENJAMIN IVHITE 
(From the Bussey Institution for Research in Applied Biology Harvard Uniiersityf 
Forest Hdts, Massachusetts) 

(Accepted for publication, May 6 1933) 

It would be foolisb to deny that protoplasmic surfaces are usually 
impermeable to colloids And it is reasonable to assume that the size 
of the molecular aggregate plays an important part in this relationship 
But it does not seem wise to close one’s mmd to the possibility that, 
under certain conditions, healthy protoplasmic membranes may allow 
the passage of specific colloids in amounts that are ordinanly not de 
tectable by chemical methods We must not forget that collodion 
capsules that will not permit the passage of colloids in quantities 
detectable by the best chemical procedure, can be proved to be semi- 
permeable by serological means Thus agglutinogens, in tested 
collodion capsules, when placed m the body cavities of laboratory 
ammals, produce agglutinins (See R Paltauf) 

Along one hne of attack, the passage of proteins through the mem 
brane or membranes separating the maternal from the fetal circula- 
tion, a considerable hterature exists, which has been summanzcd 
recently by Ratner, Jackson, and Gruehl (1927) Various mvestiga 
tors have shown that the placenta is permeable to different proteins, 
such as antitoxins, preapitins, bactenolysins, etc , in man, guinea 
pigs, and rabbits, though the placenta is not permeable to such sub 
stances in cows, goats, and sheep Ratner, Jackson, and Gruehl 
interpret these conflictmg results by pointing out that in man and in 
Rodentia a single cell membrane separates the arculations of mother 
and fetus, while in Ruminantia there arc three cell layers 
Along another hne of attack, there is the immense collection of 
facts connected with allergic manifestations on the skins of different 
animal speaes, — facts which can hardly be interpreted unless one 
925 
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Neither Valoma nor Hahcysks appeared to be noticeably affected 
by this environment The death rates were only slightly higher than 
for controls during the 10 day observation periods used Longer 
records were impossible because the peptone formed an excellent 
medium for the growth of a species of bacterium^ which produced 
jelly-hke cultures of such density that the water always became 
cloudy and gave off a rank odor by the end of the 10 day period 
Such deletenous effects as were observed here were probably due to the 
bactena rather than to the peptone, for a similar rise m the death rate 
was observed when the bacteria were planted in pure sea water, al- 
though the bacterial density was here much smaller At all events, 
it was observed that both Valoma and Hahcyshs were able to with- 
stand this treatment for 10 days, and were often able to live indefi- 
nitely when returned to sea water 

Twelve healthy Hahcyshs cells and a like number of Valoma cells, 
or small clusters of medium size, were placed in a 2 per cent solution 
of peptone in sea water and allowed to remain 6 hours They were 
then thoroughly washed m sea water and dried carefully between 
filter papers The Hahcyshs cells were apparently unaffected, 
the Valoma cells lost a little of their normal turgidity by this treat- 
ment Six cells of each species were then tested for protein by Posner’s 
modification of the biuret test The test was made in this manner 
The cells were placed m centrifuge tubes, punctured with gold needles, 
and centrifuged The clear contents of the vacuoles were used The 
results were Hahcyshs Valoma controls of each species — 

The other six cells were replaced in sea water for viability observations 
The Valoma cells gradually died, the last one succumbing dunng the 
fourth week At the end of 3 weeks, all the Hahcyshs cells were still 
healthy 

This experiment was subsequently repeated, using a 1 per cent solu- 
tion of peptone in sea water and an exposure of 2 hours The biuret 
tests were negative for both species The cells not used for the tests 

^ These bactena frequently contaminated our dishes when ordinary laboratory 
finger-bowls were used as containers No such difficulty was encountered with 
the use of batter)' jars The bactenum thus appears to be highly aerobic 
[Dr Osterhout informs us that Dr Blinks and he have observed growth of 
this bactenum in battery jars and in stoppered bottles ] 
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were returned to sea water and observed for 4 days All remained 
alive at tbe end of that tune, though they did not appear to be in per- 
fect condition 

Z The Reachons of I aloma and of Eahcystis to Proteose — ^There 
was apparently some penetration of proteose, as shown by the fol- 
lowing experiment 

The proteose used was the ' bacto-protone ’ of the Difco Laboratories (Lot 
23425), also received from Mr Dunham It consists almost entirely of proteoses 
of animal ongm, — there being 12 23 per cent nitrogen m the form of proteose and 
2 67 per cent nitrogen m the form of peptone Various lots of BaUcyshs and of 
Valoina cells were exposed mdefinitely to 1 per cent and to 2 per cent solutions 
of this proteose m sea water The solutions showed a shght cloudmess, and were 
filtered before use Each solution had a pH of 7 0 and was + + to the Posner 
biuret test As m the case of the peptone, both species exhibited a high degree of 
tolerance to the medium The degree of tolerance to proteose appeared to he 
somewhat greater than to peptone This effect ma> be due to the small amounts 
of ammo aads that were probably present in the peptone and not m the proteose, 
or it may be due to the fact that the proteose did not form quite so good a me 
dium for bacterial development The fact remains that the more resistant cells of 
both species will tolerate either 1 per cent or 2 per cent proteose m sea water for 
10 days and will live in an apparcntl> health) condition afterward when returned 
to sea water 

As in the earlier experiment, twelve healthy Haheystts cells and 
twelve cells, or small clumps, of Valoma were exposed for 6 hours to 
the action of 2 per cent proteose in sea water They were then 
washed thoroughly and dned between filter papers Half of each 
type were returned to sea water for viability observations, and the 
vacuole sap of the other half was tested for protein as before The 
Posner biuret tests were Haheystts + +, Valoma -f , controls of each 
speaes— 

The SIX Valotita cells replaced in sea water gradually died At the 
end of 4 weeks, none remained Tlie Haheystts cells, however, were 
all apparently healthy at the end of 4 weeks 

A repetition of this experiment with 1 per cent proteose in sea water, 
and an exposure of 2 hours, gave negative Posner biuret tests The 
unused cells were observed for 4 days The Haheystts cells remained 
normal in appearance This was also true of the Valoma cells, with 
one exception The largest cell showed pseudoplasmolysis at the end 
of 48 hours 
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3 The Reactions of Valoma and of Haltcyshs Cells to Egg Alhivien 
— ^No evidence was obtained for the penetration of egg albumen 

Crystallized egg albumen, received through the courtesy of Dr F P Underhill 
of Yale University, was used m these tests A solution m sea water was first 
made As nearly as could be determined, this was about 1 part egg albumen to 
800 parts sea water This solution was diluted 1 100 The cells were exposed, 
then, to egg albumen 1 part m 80,000 parts of sea water T,his solution gave a 
strong reaction for albumen m heat tests, Spiegler tests, and Tanret tests Both 
the Valoma cells and the Haltcyshs cells appeared to be completely tolerant of 
this solution 

Valoma and HahcysHs cells exposed to a 0 125 per cent solution of 
egg albumen m sea water for 2 hours, and then washed thoroughly and 
dried between filter papers, had their vacuole sap tested for albumen 
by both the Spiegler and the Tanret methods All tests were negative 
One may say, therefore, that if albumen were present, it was m a lower 
concentration than 1 part per 200,000 

Observations were made of the unused cells for 4 days Only one 
Valoma cell died 

4 The Reactions of Valoma and of Hahcyshs Cells to Diphtheria 
Toxin — There was no evidence for the penetration of diphtheria toxin, 
nor for the production of antitoxm, but Valoma cells were killed, while 
Ealicystis cells were highly resistant to its action 

The diphtheria toxm used was prepared at the Massachusetts State Antitoxm 
and Vaccme Laboratory (No 46, ir L n = 0 006) It had a pH of between 8 0 
and 8 2 As before, twelve medium sized Valoma cells, or clumps, and twelve 
medium sized Hahcyshs cells, m separate contamers, were exposed mdefimtely to 
the action of this product The strength of the solution used was 1 cc of toxm to 
ISO cc of sea water, — 1 cc thus contammg 1 0 M l d The Valoma cells ex- 
hibited a very low resistance They began to deteriorate withm 12 hours All 
were dead withm 30 hours In contrast, the Hahcyshs cells were highly resistant 
They appeared to be entirely normal durmg 19 days of observation 

Comparable cells of Valoma and of Ealicystis were exposed to the 
action of diphthena toxm m sea water solutions contammg 1 0 m l D , 
0 1 M L D , and 0 01 M L D per 1 cc , respectively, for 6 hours After 
exposure, the cells were washed carefully in sea water, the vacuole sap 
carefully withdrawn with tubercuhn syrmges, using separate syrmges 
and separate 26 gauge gold needles for each species The samples of 
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sap were placed in vials, stoppered with cellophane covered corks, 
and placed in a refngerator for transportation to Boston for antitoTin 
detemnnations 

The sap and protoplasm from these cells, together with similar 
extracts from untreated cells as controls, were tested for the production 
of antitoxin by Dr W G Malcolm of the Massachusetts State Anti- 
toxin and Vacane Laboratory 0 1 cc injections ^ere made intra- 
dermally on guinea pigs Marked erythema, with extreme congestion, 
appeared immediately In 24 hours, well arcumscnbed lesions ap 
peared, showing moderate congestion m the outer zone and necrosis at 
the center Extracts from untreated cells produced reactions identical 
with those from cells expo ed to the action of diphthena toxin Thus 
it appears that no antitoxin was formed One cannot conclude that 
no toxin passed the protoplasmic membrane, however, for tests of 
cells injected with toxin were also negative for the production of anti 
toxin 

5 The Rcacltms of Valoma and of Balicyslts Cells to Veast Nucleic 
Acid In this case there was an mjunous effect 

The j east nucleic aad was a concentrated preparation made bv Dr Le% ene and 
obtamed through the kindness of Dr UnderhilL As m the other experiments, 
twelve cells or clumps of each of the two algae were exposed indefinitely to the 
action of this material dissolved in sea water The amount of yeast nucleic acid 
used was 0 37Sgm per ISOcc of sea water To obtam solution, 7 0 cc of 2 per 
cent NaOH were required The solution was then filtered Pseudoplasmolysis 
began in the largest Valoma cells on the 4th day The small cells remamed 
normal until after the 10th day By the I8lh day, all the cells had dismtegrated 
The Haticysixs cells appeared to be nonnalon the lOth day , but began to deteriorate 
immediately thereafter These cells, also, had dismtegrated by the 18th day 

No tests were made for penneabUity 

6 The Reactions of Valoiita and of Haltcyslis Cells to Edestin — ^In 
these experiments Valoma was more resistant than Bahcystis 

The edestm preparation, a globulin of the hemp seed, was made by Dr F P 
Underhill It was used m 1 per cent soluUon in sea water The solution was 
somewhat milky, and was filtered before using The filtrate gave a precipitate 
with acetic acid Again twelve cells, or clumps from each speaes were exposed 
indefinitely to the action of the solution The Valoma cells proved to be highly 
resistant to the action of this matenak The largest cell show cd signs of disturbance 
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after 2 days and died at the end of 4 days At the end of 10 days, two more buds 
showed signs of disturbance T^e remainder were apparently normal, though 
perhaps showmg shght signs of disturbance at the end of 18 days The Hahcyshs 
cells, on the other hand, went to pieces at the end of 2 days 

No tests were made for permeabihty 

As a control for these six experiments, twelve Hahcyshs cells and twelve Valonta 
clumps, similar m size to those used previously, were given identical treatment in 
cleamng and were placed m sea water for viabihty observations The type of 
contamer was the same as m the other experiments, and the amounts of water 
identical The Hahcyshs cells were apparently normal at the end of 18 days 
The Valonia clumps, contammg forty-three cells m all, remamed healthy until the 
10th day Between the 10th and the 18th day, three cells died, but the remaining 
forty cells were still normal at the end of the observation period 

Permeabihiy of Valoma Cells and of Hahcyshs Cells to Proteose from the 

Scarlet Runner Bean 

Some evidence for penetration was obtained in this case 

The proteose of the scarlet runner bean used was extracted by Mr Joseph 
Cianciarulo of the Massachusetts State Antitoxin and Vaccine Laboratory by the 
method of E C Schneider The preparation con tamed 2 475 per cent of nitrogen 

This proteose has the power of agglutinating human erythrocytes Its strength 
was tested as follows A, heated to coagulate pro tern, B, unheated Various 
dilutions were made m isotonic salt solution, and 1 0 cc of each dilution was added 
to 1 0 cc of 1 per cent suspension of human erythrocytes also m isotonic salt 
solution The suspensions were allowed to stand m 15 cc centrifuge tubes m a 
room temperature of 19°C The readmgs given below were made at mtervals of 
3 hours and of 6 hours, respectively 


Dilution 1 

1 

20 

1 

200 

I 2000 

1 20,000 

1 40 000 

1 80,000 

j 

Reading 

g 

Q 

A 

B 

A 

B 

wm 

B 

A 

B 

A 

B 

3 hrs 


B 

+ 

+ 

++ 

++ 

+-}-+ 

+++ 

+++ 

+++ 

0 

+++ 

6 hrs 


B 

+++ 

++-(•1 

+++-(- 

++++ 

++++ 

++++ 

++++ 

++++ 

'+++ 

++++ 


Apparently normal Valonta cells (no Hahcyshs available at the 
time) were transferred to sea water contaimng 20 per cent bean pro- 
teose (pH 7 0) At the end of 4 hours’ exposure, the cells, which still 
appeared to be normal, were washed carefully, the sap withdrawn into 
clean, gold-needle tubercuhn synnges, and tested against human 
erythrocytes Equal amounts of sap and of 1 per cent suspension of 
fresh blood in isotomc salt solution were used At the end of 3 hours, 
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there was de&nite agglutination of the erythrocytes, with dumps 
adhenng to the sides of the tube There was no agglutination in the 
control of salt solution plus blood suspension 

This experiment was repeated, usmg both Hahcyslis and Valomci 
cells Controls in this case were untreated sap After 4 hours of 
exposure, sap from half of the treated cells was tested against human 
erythrocytes in dilutions by 10 from 1 1 to 1 10,000 No hemagglu 
tination was observed in any of the tubes 

Of the remaining cells of Bahcystis, half showed distmct signs of 
deterioration at the end of labours The Valonia cells were still 
more susceptible to the treatment given In 1 1 hours three fourths of 
them were dying 

As It was suspected that some of the Valoma cells used in the first 
experiment did not have normal protoplasmic membranes, similar tests 
were made on three groups of Valonta cells showmg increasing amounts 
of protoplasmic detenoration when examined with dissecting binoculars 
at a magnification of 200 diameters These cells showed increasing 
amounts of penetrahon by the proteose, t e , they exhibited increased 
powers of agglutination in direct proportion to the amount of proto 
plasmic detenoration shown It was further observed that Balt 
cystis cells which showed tiny breaks in the protoplasm under the 
aao'C'Xope six gsvs s plus 4 agpJutJiiiatjnn test at the end nf 6 houxs 
These tests were made against 1 per cent suspension of fresh blood in 
isotonic salt solution, using 0 S cc of erythrocyte suspension and 0 S 
cc of vacuole sap 

Valonia and Bahcyslis cells showing normal protoplasmic mem 
branes under microscopical exammation were then exposed for 4 hours 
to the action of the 20 per cent bean proteose solution in sea water, 
washed carefully, the sap withdrawn as before, and tested The 
Valonta cells tested + at the end of 1 hour, + + at the end of 2 hours, 
with sedimentation at the end of 6 hours The Bahcystis cells gave 
precisely the same tests Controls against salt solution showed no 
agglutination at the end of 2 hours, but showed sedimentation at the 
end of 6 hours Half of the cells remaming at the end of this last 
test were replaced in sea water and observed for viabihty There 
were no deaths at the end of 3 days 
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SUMMARY 

From the results of these tests it is clear that both Ilahcyslts and 
Valoma have a high degree of tolerance for animal peptone, and a 
very high degree of tolerance for animal proteose and for egg albumen 
The products of bacterial growths fostered by these proteins have a 
deleterious elTcct upon both species of algae, but, if it were possible to 
prevent bacterial growth entirely and at the same time supply proper 
food, it is probable that HaUcysHs and Valoma would show normal 
growth indefinitely m the presence of these three colloids This is 
not true where exposure is made to yeast nucleic acid dissolved in sea 
water containing 0 00093 gm per cc of NaOH Valoma is markedly 
less tolerant of this medium (perhaps of NaOH rather than the colloid 
used) than Ilahcyslts Such differential clTccts, however, reach a 
high point in the case of the solutions of diphtheria toxin and of edestm 
Ilahcyslts has a very high tolerance for diphtheria toxin, and Valoma 
a very low tolerance In the case of edestm, the relationship is re- 
versed Here Ilahcyslts has a very low tolerance, and Valoma a very 
high tolerance In fact, it may be said that diphtheria toxin has no 
appreciable effect upon Ilahcyslts, and edestm a very slight effect upon 
Valoma, while diphtheria toxin is extremely toxic to Valoma, and 
edestm is extremely toxic to Ilahcyslts We can offer no suggestions, at 
present, as to the way in which these effects arc produced 

It IS probable that the very thin protoplasmic layer'’ of these species, 
which IS certainly no thicker than 8,u, is sufTicicnt to obstruct the 
passage of proteins having large molecules, like egg albumen, with a 
degree of efTiciency that is extraordinary In the tests we have re- 
ported, areas of from 20 sq cm to 40 sq cm liavc been submitted 
to the action of a relatively high conccntiation of egg albumen for 
several days without permitting the passage of sufficient amounts to 
give definable tests cither with Spicglcr’s or with Tanret’s method, — 
presumably less than 1 part in 250,000 

In the tests of the proteins having much smaller molecules (though 

” Pscudoplasmolizcd, but turgid, cells of Valoma and of Ilahcyslts, when sub- 
jected to the action of egg albumen in sea water (I 800) for 2 hours, showed the 
presence of albumen in the cell sap (Spicgler and Tanrct) It thus appears that 
small quantities of albumen pass the cell wall 
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the size may not be the explanation), there is some probability 
that the membranes eidubit a little penneabihty The peptone and 
the proteose of ammal ongm, or biuret positive substances* derived 
from them, apparently pass the protoplasmic membranes occasionally 
in quantities sufHcient to give biuret tests The most probable case of 
protein passage, however, was that of the proteose of the scarlet runner 
bean, where specific detection of less than 1 part per 80,000 was pos 
sible In this instance the proteose appeared to pass membranes 
that were healthy and were functiomng normally But since the cells 
of the algae had to be destroyed in making the tests, one cannot 
maintain this pomt All one can say is that protein passage was mdi 
cated in carefully examined cells of both species, where no breaks in 
the protoplasmic membrane were discernible, and where samples of 
the treated cells behaved normally after treatment 
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THE REACTIONS OF HALICYSTIS ANX» OF VALONIA TO 
INJECTIONS OF CERTAIN PROTEINS 

By E M EAST and BENJAMIN WHITE 
(Frtwn the Bussey InsUlutton for Research tn Apphed Biology Harvard Unxxersity, 
Forest EtlU, ifassachusei(s) 

(Accepted for pubhcatjon, Mav 6, 1933) 

Bunng the months of February and March, 1932, the wnters in- 
jected several hundred specimens of Hahcystis OsUrhoiUn Blinks and 
Blinks, and of Valoma macrophysa KUtz with solutions of certam pro- 
terns, with the dual purpose of learmng the tolerance of these algae to 
the presence of proteins in the vacuole and of determining whether 
antibodies are formed ^ 

After numerous trials, it was found that the following procedure was esscntui 
to success in making the injections Micro pipettes were drawn out having an 
end mth a diameter of not over 0 02 cm , passing to a diameter of 0 1 cm at a 
distance of about 0 <5 cm from the end and then rapidly enlarging to 0 2 cm 
The pipettes were fitted with rubber bulbs and were inserted quickly to this point 
of enlargement Both the cell wall and the protoplasmic membrane were thus 
penetrated leaving the end of the pipette m the midst of the vacuole something 
over half a centimeter beyond the cell walk WMh a little practice, this could be 
done without allowing the hquid from the vacuole to escape around the sides of 
the pipette or into the pipette — the latter pomt being determinable by the con 
stancy of the height of the liquid After the insertion of the point of the pipette 
m this manner, it could be withdrawn slightly and the pressure on the rubber 
bulb mcreased sufficiently for a definite amount of liquid to be delivered the dis 
placed liquid of the vacuole escapmg around the Avails of the pipette ^Vhen this 
procedure was followed with due care the pipette could be withdrawTi without the 
admission of air or the further escape of liquid from the vacuole It is impossible 
to sa> of course just how much of the injected liquid took a straight course from 
the end of the pipette and escaped during the manipulation, but from tests usmg 
dyes the amount is believed to be negbgible It is also bdie\’ed that the amount 
of liquid lost after the return of the cells of the algae to sea water was very small. 


^This work was done at the Bermuda Biological Station for Research We 
wish to express our thanks to the Director Dr J F G Wheeler, and to hlr 
W Glecson for their many courtesies, and for their aid m obtammg material 
937 
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The cells remained turgid if properly operated upon, and withm 5 minutes after 
the operation, it took distmct pressure with the fingers to force the cell sap out 
Withm 24 hours, the wound was completely healed, microscopical exammation 
showmg a discermble wound callus of the material of the cell wall underlaid by 
protoplasm 

The pipettes used were calibrated to dehver 0 02 cc , 0 01 cc , and 0 005 cc at 
20°C This cahbration, sufficiently accurate for the purpose, was done by de- 
livermg 0 01 cc or 0 02 cc of aqueous gentian violet from a standardized pipette 
on a dry glass shde, and then cahbratmg the micro pipettes by the amount de- 
hvered that would make a drop of the same size 

The solutions used on Ealtcyshs were made m sea water, smce the hqmd m the 
vacuoles of this species has about the same salt concentration as sea water The 
solutions used on Valonia were made m “Valoma artificial sap,” as detemuned by 
Osterhout (1931) This artificial sap consisted of NaCl 2 632 gm , KCl 18 65 
gm , and CaCk 0 0944 gm made up to 500 cc with distilled water Controls of 
both Hahcystis and of Valoma were made by injectmg with sea water and with 
artificial sap, respectively 

Somewhat more than 100 cells of each species were injected, not coimtmg those 
manifestly mjured, before the mjection technique was perfected to a pomt where 
less than 10 per cent of the controls of Ealtcyshs died during an observation period 
of 1 week Tjhe work reported is concerned only with what was done subsequently * 

The cells used varied m volume from 0 25 cc to 4 0 cc , but 80 per cent of them 
had volumes between 0 8 cc and 1 8 cc , the cells of Ealtcyshs averagmg a little 
larger than those of Valoma The quantity of hquid mjected mto the cells hav- 
mg volumes varying from 2 0 cc to 4 0 cc was 0 02 cc , thus giving percentages 
withm the vacuoles rangmg from 0 5 to 1 0 T^e remammg cells ordmanly were 
given mjections of 0 02 cc , 0 01 cc , and 0 005 cc , according to size The solu- 
tions mjected, therefore, usually formed between 0 7 per cent and 1 1 per cent of 
the contents of the vacuole Occasionally, mjections of double these amounts 
were given 

Solutions of 1 0 per cent Difco “bacto-peptone,” which had 2 72 per 
cent ash, 14 92 per cent animal peptone nitrogen, and 0 24 per cent ani- 
mal proteose nitrogen — a preparation obtained through the kindness 
of Mr H G Dunham of the Difco Laboratones — ^were given to both 
types of cells About 50 cells of each species were operated upon 
No effect was detectable over a penod of observation of 10 days, 
though shghtly more Valoma died than with the controls 

Similar injections with Difco “bacto-protone” having 2 18 per cent 
ash, 12 23 per cent animal proteose mtrogen, and 2 67 per cent animal 

= The one exception to this statement is the experiment with injections of 
proteose 
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peptone nitrogen, induced different reactions The Bahcyshs cells 
were affected but little About 25 pet cent died within 10 days, as 
compared with 15 per cent in the controls made at the same time, but 
the remamder appeared to be in perfect condition at the end of an 
observation period of 2 weeks The injected Valonta cells, on the 
other hand, all died within 2 days, while 80 per cent of the controls 
hved This effect is in marked contrast to the behavior of Valonia 
when exposed to the action of Difco “protone” on the outside of the 
protoplasimc membrane, the cells bemg very tolerant to the action of 
the proteose under these conditions 
Three sets of Valonta were injected with solutions containmg 1 part 
to 800 (Senes A), 1 part to 8,000 (Senes B), and 1 part to 80,000 
(Senes C) of crystallized egg albumen Injections of artifiaal sap 
(Senes D) were used as controls The casualbes are shown m the 
table 


Senes 


1 Ko dyme ob deuenated day alter lojecUon ! 

No 

abv« 

1 

2 

i { 

4 

1 ^ 

1 * ' 

’1 

» 

9 ' 

10 

11 

12 

1 13 1 

1 

A 

S7 

2 

6 

2l| 

10 

i 0 

0 


2 

1 

0 

B 

B 

1 1 

0 

n 

S 

60 

2 

4 

IQ 

11 

1 10 

7 

5 

2 

0 





1 

n 

C 

ss 

2 

3 

7 

9 

1 5 

1 3 

HI 

5 

1 





1 


D 

55 

2 

4 

6 

* 


1 2 

1 

1 ‘1 

2 

1 

1 0 

M 


1 

1 0 

24 


Obviously, Valonta is adversely affected by the rough treatment 
expenenced durmg the mjections The death rate is high But there 
appear to be sigmficant differences in the trends of the mortahtj curv es 
and m the percentage of cells remainmg alive dunng the penod of ob 
servation in the four senes In Senes C (1 80,000 egg albumen) 
and Senes D (control) the results are suffiaently similar so that one 
may consider them to be random samples of a single population 
Traumatic shock is probably the pnmary cause of death In Senes A 
(1 800 egg albumen) and Senes B (1 8,000 egg albumen) there is 
an additional cause of death Presumably this cause is the toxicity of 
egg albumen in the higher concentrations It is certain that a rela 
lively high percentage of egg albumen was present in the cell sap, 
for several tests of dead cells showed that a minimum of 0 5 cc would 
show albumen by the Spiegler test and that a minmium of J tKtc 
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would show albumen by the heat test It should also be noted that, 
though m each senes about the same number of individuals died on 
the 1st and the 2nd days, during the next 3 days the number of 
deaths was thirty-one for Series thirty-one for Senes B, twenty-one 
for Series C, and eighteen for Series D A death rate of this type, 
with a lag of a few days followed by a rapid rise, is the charactenstic 
effect of vegetable albumens such as ncm when injected subcutaneously 
into laboratory animals The cells of Series A and B that remained 
ahve until the end of the observation penod may have been more 
tolerant to the foreign protein, but it is somewhat more probable that 
they actually retained smaller amounts of the injected matenal 
The mne cells of Senes B remaining ahve on the 10th day after in- 
jection were given a preapitm test m order to find out whether anti- 
bodies had been formed The sap plus protoplasm was synnged out 
with gold-needled tubercuhn syringes, centnfuged for 15 minutes, and 
the supernatant hquid layered carefully on egg albumen m “artificial 
sap” 1 800 No trace of a preapitm nng was formed 
The fourteen remaimng cells of Series A and the 20 remaimng cells 
of Senes C were reinjected with egg albumen 1 part to 800, for the 
purpose of determining any possible development of increased toler- 
ance — ^with or "Without the production of antibodies, or of hypersensi- 
tiveness The cells of Senes A were thus reinjected 14 days after the 
first injection, while those of Senes C were reinjected 9 days after the 
first injection The casualties are shown in the table below, all the 
records except those of the first few days being taken by Mr W 
Gleeson 


Senes 

No 

No dying on designated day after second injection 

No 

injected 

1 1 

i ^ 

3 

4i 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

"I 

20 

1 

21 

22 

23 

24 

alive 

A 

14 

2l 


0 

1 

1 

2 

' 0 

0 

B 


1 

B 

B 


G 

B 


G 


G 

G 


G 


7 

B 

20 

2 

1 

3 

1 

1 


1 

2 

2 

1 


1 

1 1 

!i 


E 

1 0 

1 


G 


G 

G 


G 


4 


Unfortunately, the controls surviving from the first injection were 
discarded by nustake, and therefore were not available for comparison 
Despite this defiaency, it is clear that the records show nothing re- 
sembling anaphylaxis after the second injection, and no markedly 
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increased power of resistance There is a somewhat higher proportion 
of survivors in Senes A, which had previously had the more concen- 
trated dosage of 1 800 albumen, than there is m Senes C, which had 
had only a dosage of 1 80,000 albumen There is also the further sug 
gestion, in the death rate frequencies mvolved, that traumatic sho(i 
alone accounts for practically all the deaths, smce there is not the 
sharp nse m mortahty after a short "incubation” penod that charac 
tenzes the effect of vegetable albumens on animals and that is found 
in our own first injections where concentrated solutions were used It 
would be necessary to deal with a much larger population before one 
could attach much sigmficancc to these indications, however, both 
because samplmg errors are highly probable and because the survivors 
of the first injection may have been subject to selection 
The sap and protoplasm from the survivmg cells in Senes A and C 
were shipped from Bermuda to Boston in sealed tubes and tested for 
precipitin reactions by Dr W G Malcolm of the Massachusetts State 
Antitoxm and Vacane Laboratory Dry egg albumen (Merck) 1 
part in 100 parts of physiological salt solution was used as antigen 
The sap plus protoplasm centnfuged was used in phvsiological salt 
solution dilutions by powers of 2 from 1 1 to 1 512 The tubes 
were incubated 5 hours at 37°C There were no preapitin reactions 
shown either here or in controls of untreated cells 
Eighty five cells of Baltcysits were injected with crystallized egg 
albumen 1 part to 800 parts sea water on March 14 After 24 hours, 
the sap from six cells was used for an albumen test The Spiegler 
test was plus 3 10 days after injection, the sap and protoplasm from 

eight cells, centnfuged, were used for a precipitin test wnth egg albumen 
in sea water 1 1 as antigen A plus 1 nng was obtained which re 
mained visible for 60 minutes and then faded, but as the upper layer 
of sap and protoplasm was slightly cloudy, we are not inclined to con 
dude that there was antibody formation Of the 71 injected cells 
remaimng, one died after 48 hours There were no other casualties 
dunng a 34 day observation penod The sap and protoplasm of 
these cells were shipped to Boston and tested for preapitins by Dr 
Malcolm, as descnbed above The test was negative A small 
number of control injections were made on UaUcyshs Out of twenty 
cells injected with sea water, one died » 
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It seems reasonable to conclude from these ejqjenments that Hah- 
cystis shows a high resistance to traumatic shock and a virtually com- 
plete tolerance to egg albumen in the concentration of 1 800 when 
amounts are injected forming between 0 7 per cent and 1 1 per cent 
(occasionally 2 0 per cent) of the contents of the vacuole There is 
no indication, except possibly in one test, that antibodies are formed 
as a reaction It appears probable that practically all the albumen 
IS retained within the tonoplast and does not come m contact with the 
protoplasm m sufficient quantities to cause disturbance, though it is 
possible that imnute quantities may be broken down and utilized as 
food, or even that nunute quantities, as albumen molecules, may 
egress through the membrane 

In contrast to Hahcyshs, Vdlonta exhibits a low resistance to trau- 
matic shock It also shows an apparent tolerance to egg albumen in 
the concentration 1 80,000 In the higher concentrations of albu- 
men, 1 8,000 and 1 800, however, there is evidence of the toxicity of 
the injected matenal which manifests itself by a rapid rise in the death 
rate on the 3rd, 4th, and 5th days after injection When the survivors 
of the first injection are again injected with albumen in the con- 
centration 1 800, there is some indication that the toxic effects are 
less marked 

Hahcyshs having been observed to have a very high tolerance and 
Valonia to have a very low tolerance to diphthena toxin when ex- 
posed to its presence in sea water, a number of mjections were made 
with sea water (for Hahcyshs) and “artifiaal sap” (for Valoma) con- 
taining 1 0 M L D per cc Of Hahcyshs, twenty-four cells were in- 
jected (Senes E), of Valoma, twelve cells were injected (Senes F) 
The casualties were as follows 


Senes 


No dying on designated day after injection j 

1 

No 

injccled 

1 1 

2 ! 

3 

B 

5 

6 

D 

1 

8 

9 

10 

alive 

E 

24 

0 

0 

20 

2 

0 

0 

0 

0 

0 

0 

2 

F 

12 

0 

0 

12 

— 

— 



— 


— 

— 


The figures m this table show, in a marked degree, the delay in the 
fatal action of diphthena toxin which is so charactenstic of its effect 
upon susceptible animals 
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It IS evident that something occurred here that was far more definite 
and striking than out usual etpenence with injected cells Valonta 
IS susceptible to a rather high death rate from traumatic shock, as 
shown by our other records But it was the common etpenence to 
have about 5 per cent die from acute shock dunng the first 24 hours, 
and then to have a rise m the death rate between the 3rd and Sth 
day, at which times the death rates ranged from 10 to 40 per cent 
In this case, however, sudden death overtook the entire population on 
the 3td day 

A similar situation is evident m the case of Eahcyslts Baltcyshs 
IS highly resistant to traumatic shock, as witness the 71 cells injected 
with egg albumen, of which only one died in 34 days In contrast, 
twenty out of twenty four Baltcyshs cells died suddenly on the 3rd 
day after injection, and two more were found to be dead on the morn- 
ing of the 4th day It is true that two of these injected cells remained 
ahve at the end of the 10th day (when discarded) , but one cannot be 
certain that they were exposed to the same conditions It is possible 
that they were tolerant to the diphthena toxm, but it appears to be 
more probable that the injected matenal was lost 

There was not suffiaent Baltcyshs matenal avadable to make a 
more extended test of the effect of this preparation It was possible, 
however, to make a second test on Valonta Accordingly, 92 cells of 
Valonta were injected with diphthena loan dissolved in "artificial 
sap” in the same proportion as before, t e , 1 cc of solution contained 
1 u L D of toan The results for the first 10 days were as follows 



1 No dytos CO desisoated day after lujectfoa j 

No 


■ 

B 

B 

B 

B 

B 

B 

B 

B 

B 

alive 

92 

1 

3 

s 

1 ^ 

45 

B 

7 

3 

0 

3 

22 


From the 11th to the 16th days, inclusive, there were five casual 
ties, — one each day with the exception of the 12th day Subscquentlj 
there was but one casualty from the 17th to the 40th day 
Here, again, there was an extraordmary rate of death dunng the 
first few dajis, culnunating m the death of half the population on the 
Sth day The death rate peak’s coming on the Sth day instead of the 
3rd day can possibly be asenbed to the fact that the air temperature 
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was several degrees lower than it was when the first senes of Valonia 
was injected 

There were sixteen cells remaining alive at the end of 40 days of 
observation It is, of course, possible that these cells received no 
toxin, but we are not inclined to accept this explanation, (a) because 
they were the last cells injected, and the technique used was the best 
we were able to devise, and {b) because all the cells, including those 
which finally survived, gave definite evidence of “sickness” between 
the 4th and the 8th days It is more probable that the surviving 
cells received smaller doses, — that is to say, sublethal doses of the 
toxin It is known that the cells djnng on the 5th day received quan- 
tities of toxin detectable by chemical means, for extracted sap gave 
definite biuret reactions, something that uninjected cells never do 

The sap and protoplasm from these sixteen cells — and also sap and 
protoplasm from Valoma (two injections) and Ealicyshs (one injec- 
tion) injected with egg albumen — ^were brought to Boston and used — 
after centnfuging — by Dr Malcolm of the Massachusetts State Anti- 
toxin and Vaccine Laboratory for intradermal injections into guinea 
pigs The untreated saps of Haltcyshs and of Valotiia were used as 
controls 0 1 cc injections were made There was immediate reac- 
tion A marked erythema appeared which had the appearence of 
extreme congestion After 24 hours, a lesion was observable with 
moderate to severe edema The lesions were well circumscribed, 
with moderate congestion of the outer zone, and necrosis at the center 
All the tests, including controls, were similar Thus, while one can 
saj'’ that the sap from the vacuoles of Bahcyshs and from Valoma 
produces marked necrotic lesions when injected under the skin of 
normal guinea pigs, — reactions that can hardly be attributed to the 
amount of salts contained, — there is no evidence that diphtheria an- 
titoxin v as produced as a reaction to the injections of diphtheria toxin 
One cannot determine from these tests, in fact, whether or not the 
sumving Valoma cells injected with diphtheria toxin did, in actual 
truth, receive it 


SUMMARY 

It is shovm (1) that Valoma and Hahcystis cells exhibit varying 
degrees of tolerance to injections of animal peptone, anunal proteose. 
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crystallized egg albumen, and diphtheria to-rm, (2) that Valonia 
cells display decreased tolerance to egg albumen in increasing dosages, 
although Haltcyshs is completely tolerant ot the highest dosage used, 
(3) that the mortality curves of Valoma mjected with egg albumen 
and of both Valoma and Balicystts injected with diphthena toxin 
show the delayed effect charactenstic of laboratory mammals when 
treated similarly, (4) that Valoma cells injected twice with egg albu 
men exhibit no change in susceptibility to its effects, and (5) that 
neither speaes of algae gives evidence of having formed antibodies 
agamst the antigens used 




THE MODIFICATION OF ANTIBODIES BY 
FORMALDEHYDE 

Bv STUART MUDD akd ELEANORE W JOFFE 
{From the Department of Baciertolo^y, School of iPediane, and The Henry Phtpps 
Institute bnwersity of Pennsylvania Philadelphia) 

(Accepted for pubbcation May S, 1933) 

Interaction of antigen and antibody forms upon the antigen sur- 
face' a more or less complete film of antibody globuhn held by specific 
stereochemical forces The various serological reactions are con^e 
quent upon the properties of this surface deposit and the special en 
vironing conditions Thus the antibody globuhn surface deposit 
under ordinary conditions of test has a surface potential difference 
below and cohesiveness above the mean critical values for stabihty, 
(agglutination occurs (1, 2)), upon the antibody globuhn surface 
polymorphonuclear and mononuclear phagocytes tend to spread, 
(phagocytosis occurs (3, 4, 5)) , and the antigen antibody complex is a 
good adsorbent for the serum components known as complement, 
(complement fixation occurs (6, 7)) 

Study of the conditions of formation and the physicat chemioil 
attnbutes of these antibody globulin films is then clearly of strategic 
value m gairang further understandmg of the serological reactions 
The property of the surface film susceptible of most accurate measure; 
ment is the electrokinetic p d (zeta potential) In undertaking cei- 
tarn studies on this factor we have been aided by possession of strains 
of bactena which themselves have only minimal zeta potentials over 
a wide range of pH, and therefore afford a mimmal risk of confusing 
the zeta potentials of the films with those of the bacterial surfaces 
( 2 , 8 ) 

In the present study antibodies before and after combination wit3i 
antigen have been treated with formaldehyde, and the effects upoii 

' The term 'antigen surface ' is used without intended implication as to v.hcther 
the antigen is m molecular dispersion in micellae or forms part of a cell surface 
and as to •whether or not the reaction is sloichiometnc. 
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specific agglutination and upon the isoelectnc points of the antibody- 
films have been detemnned The data obtamed have yielded e-vidence 
of the presence of basic groups m the antibody film upon which sub- 
stitution (or addition) can be effected Substitution (or addition) 
upon these groups m the uncombmed antibody is possible without 
greatl}’- interfermg with its specific chemical affinity for antigen It 
appears, however, that this reaction is not without effect upon the 
physical properties of the antibody film 

Experiment Methods 

Bacteria Used — ^In earlier expenraents a strain of Bad coh and a strain of 
Bad dyseiilenae (Flexner type) were used, in the experiments graphed or tabu- 
lated, Bad pullorum and a non-flagellate tj^ihoid bacillus (Stram 0901) All the 
bactenal strains were smooth These strains have onl}' minimal zeta potentials 
m dilute buffers over a wide range of pH (2, 8) The bacteria were grown m m- 
fusion broth, washed, and resuspended m 0 85 per cent NaCl solution 

Chemicals — ^Merck’s reagent fonnalm, this was neutral to htmus except ivhere 
specified as made neutral to phenolphthalem Walpole’s acetate buflfers were 
used m m/ 50 concentration over the range of pH 3 6 to 5 6 The pH -values were 
determined colonmetncall}’-, or m the later work with a quinhydrone electrode, 
takmg the \’alue for 0 1 N HCl as pH = I 08 

Glassware — Glassware was cleaned m concentrated sulfunc acid-potassium 
dichromate solution, tap water, and distilled water 

Senstiizatum — ^The bactena were sensitized except when otherwise specified 
-with homologous immune rabbit serum Given volumes of bactenal suspension 
m 0 85 per cent NaCl solution were mixed with senal dilutions of antiserum AD 
dilutions of antiserum were made m 0 85 per cent NaCl solution The tubes were 
mcubated for 2 hours at 37° and refngerated overnight Agglutmation readmgs 
were made AD tubes were then centrifuged untd virtuaDy complete sedimenta- 
tion had taken place The supernatant flmds were decanted and the sediments 
were shaken up m about 3 mb each of 0 85 per cent NaCl solution. AD tubes were 
agam centrifuged and the supernatants decanted. The sediments were agam 
shaken up m a minimal amount of 0 85 per cent NaCl solution and each of the 
suspensions was dinded mto two portions To one portion was added 2 mk of 
saline and to the second portion 2 mk of formahn solution In Table I, Expen- 
ment 5, 37 per cent formaldeh} de solution was added, m Experiments 1 to 4, and 
6 to 9 mclusive, 18 5 per cent formaldehyde solution was added, and m Experiment 
10, approximatel} 9 per cent The sensitized bactena, washed and suspended m 
0 85 per cent NaQ, are designated m Table I and m the graphs below as Senes 
A, the sensitized, washed bactena treated with formahn are designated as Senes 
Ax Both series were allowed to stand 20 to 30 mmutes at room temperature 
AD tubes were centrifuged and the supernatants decanted The sediments were 
cliakpn up in salme and agam centrifuged. The supernatants were decanted 
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2 drops of saline from a 1 ml pipette \^ere added to each tube. The tubes were 
arranged in a row in a rack with the control tubes of bacteria plus salme without 
serum, in the center The rack was shaken uniformly until the control tubes 
showed even suspensions The sensitized bacteria resuspended m aggregates 
the size and resistance to dispersion of which affords a rough estimate of the co~ 
hesiveness of the bactena Isoelectric pomt estimations were then made 

In order to determme whether specific combination between antigen and anti 
bod> occurred if the immune serum had been previously treated with formahn, the 
following procedure was followed in addition to the above. The serum dilutions 
were made up to a given volume usually 0 S ml To each tube the same volume 
of neutral formaldehyde solution was added, and allowed to stand 20 to 30 imnutes 
at room temperature. In Experiments 1 to S the concentration of HCHO was 37 
per cent, m Experiments 6 to 9, 18 5 per cent, and m Experiment 10 9 per cent 
To these tubes were added the bacteria suspended in neutral formalddi>de solu 
tion of 18 5 per cent concentration (Senes B) or m saline (Senes D) (In Ex 
penraent S Table I, the bacteria were suspended m 37 per cent formaldehyde 
and m Experiment 10 m 9 per cent formaldehy de In Experiment 1 the HCHO 
was neutral to phenolphthalem ) The tubes were incubated for 2 hours m a 37® 
water bath and refrigerated overnight Agglutination readings were made, the 
tubes were centrifuged, the sediments washed m sahne solution, and "resuspcn 
Sion ’ readmgs were made as described above Isoelectnc pomts were estimated 
In a few experiments also a set of serial serum dilutions in saline were made and 
a suspension of bactena m formalin solution was added Such senes are desig 
nated Senes C 

The reversibility of the formaldehyde antibod> combination was tested m two 
special experiments The isoelectnc pomt of the sensitized HCHO treated bac 
tena was estimated as explained below The baclena were then washed three 
times and the isoelectnc points estimated after each washing Under these 
conditions the washings did not cause appreciable reversion of the isoelectnc 
points toward those of the untreated antibody films This result does not implj , 
however, that longer contact of the sensitized HCHO treated bactena with sa 
Ime would not have brought out evidence of slow reversibility 

CatapJiorests and Eslmalton of IsoeUdrtc Potnts — ^The Kumtz modification of 
the Northrop-Kumtz microcataphoresis cell (9) was used w^th dark field condensor 
and Bausch and Lomb 8 nun. 0 50 n a , 21 X objective. Three readings were 
taken for each suspension at the two stationary leveb t e 0 21 and 0 79 of the m 
side depth of the cell Radio B battcncs were used the apphed potential of 125 
volts gave a gradient through the cell of about 6 5 volts per cm 
The buffer senes were made up so that successiv e members differed b> 0 4 of a 
pH umt The cdl was first washed with the buffer to be used and then a drop of 
bacterial suspension m about 1 ml of buffer was washed mto the cell with about 2 
ml of buffer Two successive buffers were found m one of which the particles 
imgrated to the anode and m the other to the cathode, the isoelectnc point was 
then estimated from the relative mean velocities of the two pH values 
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RESULTS 

The essential results are shown in Figs 1 to 4^ and in Table I The 
isoelectric points of these bacteria when maxiinally sensitized with 
rabbit antisera fell in the range pH 5 0 to 5 2 These values are about 
0 6 pH unit lower than those found for the sensitizing film s formed by 
antibodies against certain other antigens (3, 11) It appears that the 
sensitizing antibody films formed upon various antigens may have 
isoelectric points as m this case similar to, or more alkahne (10, 3, 11), 
or more acid (8) than those of the normal globulins of the species from 
which the serum is obtained This point will be developed more fully 
in a later paper 

Treatment with formaldehyde under the conditions of these ex- 
periments has shifted the isoelectnc points of the sensitizing films by 
about 0 6 to 0 8 pH unit toward the acid side A shift of this approxi- 
mate magnitude occurred whether the formaldehyde was allowed to 
react with the antibody film after its formation on the antigen surface, 
(Figs 1 to 4, Senes Ax), or whether the antisera were mixed with 
formaldehyde before combination with antigen, (Figs 1 to 4, Senes 
B, C, and D) 

'V\'’hen the antisera were treated with formaldehyde before combina- 
tion with antigen, agglutination was consistently inhibited in the high- 
est antiserum concentrations, t e agglutination prozones appeared, 
see Fig 1, Series B, C, and D, Fig 2, Series B and C, and Table I 
Cataphoresis and resuspension both showed that these agglutination 
prozones were due to changes in the physical properties of the sensi- 
tizing films rather than to failure of antigen-antibody combination 
For the bacteria so sensitized showed appreciable migration velocities 
m the cataphoresis cell on both sides of their isoelectric points, and 
the bactena cohered in the resuspension reaction, indicating that the 
sensitizing films were present on the bactenal surfaces and merely 
altered in their properties by the treatment with formaldehyde Fur- 
ther analj’^sis of the mechamsm by which combination with HCHO 
affects agglutination, and inquiry as to its possible effect on phagocyto- 
sis we have not yet attempted 

The end-titre of agglutination was regularly somewhat reduced 

= The points m Figs 1 to 4 are joined b> lines merely to aid in reading 



Serum DllotJona 

Series a Series A* Series B Series C Series 0 
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The cfTccts of foniiaIdeh>de treatment on the agglutinatjoii, resuspensjon, and the isoelectric points of sensitized 
bactena Other data relevant to this experiment arc given under Experiment 4 m Table I 
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Fig 2 The effects of formaldehyde treatment on the agglutmation, resuspension, and the iso- 
electric pomts of sensitized bactena Other data relevant to this experiment are given under Ex- 
periment 5 m Table I 
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when the antisera were treated with HCHO before combination with 
antigen, see Figs 1 and 2 and Table I Whether this reduction was 
due to a slight loss of combimng power of antibody for antigen due to 
HCHO treatment, or merely to the alterations m physical properties 
IS not clear 


Serum Dilutions 



Fig 4 Effect of formaldehyde treatment on the isoelectric points of sensitized 
bacteria S 3 rabols and mterpretation as m Fig 3 Other data relevant to these 
experiments are given under Expenments 5 and 6, respectively, m Table I 


DISCUSSION 

Chemical combmation of formaldehyde with protems, involvmg alterations in 
the physical properties of the protems, was demonstrated by Blum (12) in 1896 
Blum formahnized a mixture of ovoalbumm and ovomucoid, the resulting protems 
V ere not coagulated by heat and preserved their solubility m water after precipi- 
tation b}'^ alcohol or acetone Benedicenti (13) extended these observations m 
several directions He allowed gelatm, fibrin, casein, blood serum, and egg albu- 
min to stand m contact with formol and determmed titnmetrically a decrease m 
formaldehjde content of the solution The “formaldehyde protems” were in 
important respects different from the origmal protems Thus gelatm became 
hardened and insoluble, blood serum underwent gelation, fibrm and casein lost 
their abihtj to snell and to be digested Schwarz (14) performed elementary 
analj ses upon such compounds of protems mth formaldehyde 

Compounds of formaldehj'de with ammo acids were studied by Schiff (15) 
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He interpreted the formation of these compounds as a substitution of = CHj 
for = Hj on the free ammo groups On the basis of SchiS’s work, Sjirensen (16) 
elaborated the well known formol titration More recent investigators have 
found evidence that the combination of HCHO with ammo groups is more complex 
than the simple substitution of a meth> lene group for h> drogen * Hov\ ever there 
IS general agreement m the hterature that the prmcipal chemical effect of HCHO 
on proteins, protem decomposition products and ammo acids is a combination 
with free ammo groups which weakens their basicity 

Kossel (21) and lodidi (22) have sought to identify the basic groups m proteins 
which react with HCHO Accordmg to both mvestigators the — NHj group in 
the w-position m l>’sme combmes with Ibrmafdehj de but the ammo group m the 
guamdine nucleus in argimne is mert Both agree that HCHO combmes with the 
immo group m the imidazole rmg of histidine accordmg to Kossel and Gawnlow 
the immo nitrogen m prolme when bmlt mto protem is not reactive to formalde 
hyde. 

Pine and Pmhey (23) and Hams (19) have found evidence of a combmation at 
alkaline reacbons between HCHO and the — SH group of cysteine which results 
in a perceptible weakening of the acidity of the — SH group and a shift of the pK 
to mcreased basicity 

The rate of gelaUon of blood serum m contact with HCHO and the rate of 
change in solubihty m ammomum sulfate of the blood proteins m formaldehyde 
solubODS has been studied by Henley (24) Both changes occur slowlv With a 
given undiluted serum the rate increases with the HCHO concentrabon 
The acbon of 0 S per cent fortnaldehjde solubon at 37®C on certain proteins 
proteoses and trypbc digesbon products has been mvesbgated by Freeman (25) 

A decrease m ammo nitrogen content as determined bv the Van Slvke method w'as 
observed after formaldehyde treatment m all the solutions inv estigatcd , m no case 
was loss of ammo mtrogen complete, however Holden and Freeman (26) demon 
strated progressive loss of ammo nitrogen when ammo aads were meubated with 
0 5 per cent formaldehyde solutions at 37*C They showed the combination of 
meta protem with HCHO to be to some extent reversible 

Zeiger (27) studied the adsorpbon of dyes by histological seebons of tissue after 
fixation with formalm as compared with those fixed with alcohol The reaction 
at which the tissue elements reversed the sign of their charge as indicated by d>c 
adsorpbon was shifted toward the acid aide b> formalin fixabon 
Landstemer and his associates (28) have studied the acbon of HCHO on the 
anbgcnic properbes of serum proteins Rabbit serum was mixed with an equal 
volume of commercial fonnaUn and allowed to stand at room temperature for 20 
hours the proteins were precipitated with alcohol washed tnturated and rem 
jected mto rabbits Antisera w ere thus produced these fixed complement specifi 
callv in the presence of formalmized rabbit protem but not with formalimzcd pro 


* Sec Rcmer and Marton (17) Bcrgmann (18) Harris (19) and Levy (20) 
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tern from the horse, cattle, or fowl In later work (29) horse sera were formahmzed 
and mjected mto rabbits The sera of rabbits mjected either with native or 
formahmzed horse serum precipitated and fixed complement with either native 
or formahmzed horse serum but not with the sera of other species 

An extensive mvestigation of formalmized antisera was made by von Eisler and 
Lowenstem (30) T^he power of such antisera to neutralize specific exotoxins 
was unaffected or suffered only shght loss The amboceptor function (bacterio- 
lytic and hemolytic), and the precipitatmg function of agglutmms and precipitins 
were greatly reduced, specific combmation of agglutmm and agglutmogen oc- 
curred, however Baivy (31) and recently Braun (32) have inhibited the com- 
plement fixmg, agglutmatmg, and precipitatmg action of various antisera by 
treatment with formaldehyde 

Electrophoresis affords a method of studying proteins adsorbed on 
surfaces and thus of obtaining data not yielded by ordinary titrimetnc 
procedures This method has proven pecuharly useful in studying the 
protein deposited upon bactenal surfaces by interaction with normal 
and immune serum 

A major difficulty in such studies arises from the fact that the sur- 
faces of many or most bactena contain matenals which are themselves 
sources of measurable zeta potentials The isoelectnc points of such 
bactena sensitized with mcreasing concentrations of serum fall along 
ascending curves which nse from the values for the unsensitized bac- 
tena toward those of the sensitizing proteins (2, 11) When strong 
homologous antisera are used for sensitization such isoelectric point 
curves may reach levels such that further increase in concentration 
of serum does not cause further rise m the pH of the isoelectnc 
points (3, 11), whether or not such plateaus represent conditions 
m which the isoelectnc pomts are due solely to the fihn-form- 
mg substances we do not at present know At all events, how- 
ever, normal or heterologous sera rarely sensitize sufficiently to yield 
such plateau values, and the resultmg isoelectnc pomts represent 
mdetennmate values intermediate between those of the substances 
in the bactenal surface and those of the film-forming substances 
Discovery of these bactenal strains with minimal zeta potentials over 
a wide range of pH therefore affords means of studying adsorbed 
substances under the many conditions in which the adsorbed fihn is 
incomplete 

Electrophoresis has not previously been used, so far as we are aware, 
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to study the reaction of proteins with formaldehyde The results 
here recorded are m essential accord with those obtained by other 
methods, the protem shows decreased basiaty, here evidenced by a 
shift m the isoelectnc point, concomitantly there occur changes in 
physical properties evidenced m this study by decreased tendency to 
agglutinate It is noteworthy that the effects of formaldehyde upon 
isoelectnc points and agglutination were similar whether HCHO treat- 
ment preceded or followed combination of antibody with antigen 
This result, together with those of von Eisler and Lowenstein, and of 
Braun, would seem to warrant the conclusion that the HCHO-com 
bming basic groups of antibodies are not involved, or are involved only 
m a minor degree, m the speafic chemical umon of antigen and anti 
body 


SUMUASy 

Certain strams of bacteria which have only minimal zeta potentials 
over a wide range of pH, and upon which surface deposits can be 
formed, afford a favorable means of studying certain chemical and 
physical properties of the surface deposits 

Films of speafic antibody globuhn upon these bacteria possess 
basic groups which can combine with formaldehyde Combination of 
these groups with HCHO under the conditions of the present eiipen 
ments shifts the isoelectnc point of the sensitizing film toward the aad 
side by about 0 6 to 0 8 pH umt, and reduces the agglutmating tend 
ency of the sensitizmg film 

Antibodies may be fotmahmzed before combination with antigen 
without marked change m theu: specific combming affimties The 
properties of the sensitizmg films are similar whether formol treatment 
occurs before or after the antigen antibody combination 
The nature of the basic groups has been discussed 

BrBUOGRAPBY 

1 Northrop, J H., m Jordan E O and Falk I S , The newer knowledge of 

bactenology and immunology, Chicago The Umversitj of Chicago Tress 

1928, 782 

2 Mudd S Nugent, R. L. and Bullock L T , / Phys Chcm 1932 36, 229 

3 Mudd S, Lucid B McCutcheon M andStrunua hL J Exp 3fnf,1930 

B2, 313 



960 


MODIFICATION OF ANTIBODIES BY FORMALDEHYDE 


4 Luck6, B , Strumia, M , Mudd, S , McCutcheon, M , and Mudd, E B H , 

J Ivmunol , 1933, 24, 455 

5 Mudd, E B H , and Mudd, S , J Gen Physiol , 1932-33, 16, 625 

6 Eagle, H , J Gen Physiol , 1928-29, 12, 825 

7 Hambleton, A , Canad J Research, 1932, 7, 596 

8 Joffe, E W , Hitchcock, C H , and Mudd, S , J Bad , 1933, 26, 24 

9 Mudd, S , Lucke, B , McCutcheon, M , and Strumia, M , Colloid sjonposium 

monograph. New York, The Chemical Catalog Co , Inc , 1928, 6, 131 

10 Felton, L D , Bull Johns Hopkins Hasp , 1926, 38, 33 

11 McCutcheon, M , Mudd, S , Strumia, M , Luck6, B , J Gen Physiol , 1929- 

30, 13, 669 

12 Blum, F , Z physiol Chem , 1896-97, 22, 127 

13 Benedicenti, A , Anal « Physiol , Physiol ^6/, 1897, 219 

14 Schwarz, L , Z physiol Chem , 1900-01, 31, 460 

15 Schiff, H , Ann Chem , Leipsic, 1900, 310, 25, 1901, 319, 59, 1902, 326, 348 

16 Sorensen, S P L , Biochem Z , 1908, 7, 45 

17 Remer, L , and Marton, A , Kolloid-Z , 1923, 32, 273 

18 Bergmann, M , Jacobsohn, M , and Schotte, H , Z physiol Chem , 1923, 131, 

18, Bergmann, M , and Ersslm, H , Z physiol Chem , 1925, 146, 194 

19 Harris, L J , Biochem J , London, 1930, 24, 1080 

20 Levy, M , J Biol Chem , 1933, 99, 767 

21 Kossel, A , and Gawrilow, N , Z physiol Chem , 1912, 81, 274, Kossel, A , 

and Edlbacher, S , Z physiol Chem , 1914-15, 93, 396 

22 lodidi, S L , / Am Chem Soc , 1918, 40, 1031 

23 Pirie, N W , and Pmhey, KG,/ Biol Chem , 1929, 84, 321 

24 Henley, R R , / Biol Chem , 1923, 67, 139 

25 Freeman, M , Australian J Exp Biol and Med Sc , 1930, 7, 117 

26 Holden, H F , and Freeman, M , / Exp Biol and Med 5'c,1931, 

8, 189 

27 Zeiger, K , Z wissensch Mikr , 1930-31, 47, 273 

28 Lands temer, K , and Jablons, B , Z Immumlatsjorsch , Ong , 1913-14, 20, 618 

29 Landstemer, K , and Lampl, H , Z Immunilatsjorsch , Ong , 1917, 26, 133 

30 von Eisler, M , and Lowenstem, E , Cenlr Bakt , 1 Abt , Ong , 1912, 63, 261 

31 Baivy, A , Compt rend Soc biol , 1926, 96, 737 

32 Braun, H , Z Immunitatsforsch , 1933, 78, 46 



THE COUPLED REDOX POTENTIAL OF THE LACTATE- 
ENZYME PYRUVATE SYSTEM* 

By J PERCY BAUAfBERGER, J J JORGENSEN and KATHLEEN 
BARD WELL 

{From the Physiology Deparlment Stanford Univirsity, Stanford University) 
(Accepted for publication, April 20 1933) 

The reaction 

succinate" 4- methylene blue s=t fumarate" + methylene white 

has been studied by a number of investigators Quastel and Whetham 
(1) showed that a definite equdibnum was finally reached when resting 
B coif were present Thunberg (2) determined the oadation reduction 
potential of this equdibnum, when the muscle enzyme sucanodehy 
drogenase was the catalyst Lehmann (3) and later Borsook and 
Schott (4) worked out the thermodynamics of the eqmbbnum 

succinale'" fumarate’* + 2H'*’ + 2c 

and found that the free energy of the reaction as calculated from the 
equdibnum electrode potentials agreed very closely with the free 
energy calculated from the entropies and other physicochemical 
properties of the reactants The fact that the calculated and observed 
values of free energy are so close is proof that the enzyme is a perfect 
catalyst (Borsook and Schott (4)) 

The fact is well estabhshed, therefore, that the redov potential of a 
system such as sucanafe enzj-me fumarate, which in itself mil es 
tabhsh no defimte potential on an electrode, may be correctly deter 
mined electrometncally by adding to the system a reversible redox 
compound having an E'o m the same range (The reversible redox 
compound should have an £'o such that the logs of the ratios of its 

* This work was supported m part by a ‘ grant for research ' from the Amencan 
Association for the Advancement of Science m 1929 and in part by a grant from 
the Rockefeller FImd Research Fund of the Stanford Medical School 
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oxidant/reductant, at final equilibnum, will be less than ±2, as within 
these hnuts it acts as a depolanzer and allows the actual potential 
to be determined ) Presumably, reversible redox compounds can ex- 
change electrons directly with the electrode, whereas the succinate- 
fumarate system can only oxidize or reduce molecules subject to 
deformation on the surface of the enzyme (Quastel (5)) The coupled 
reactions between succinate-enzyme-fumarate, methylene blue-methyl- 
ene white, and the electrode must, however, occur in a perfectly re- 
versible manner, as from the Eh of the electrode the correct free 
energy of the first reaction may be calculated It would be useful 
to have a special name for redox potentials determined thus indirectly 
and the name coupled redox polenlial seems to distinguish it properly 
from the apparent reduction potential of Conant (6) The coupled 
redox polenhal may be defined as the potential at which an irreversible 
system comes into equihbnum with a reversible system when a suitable 
catalyst is present 

The coupled redox potentials of any two compounds will deternune 
how they will react provided suitable catalysts are present and this 
will largely deternune the transfer of energy, as is implied by Knoop (7) 
in his article on “The mutual influence of orgamc compounds in the 
animal body ” 

It was with the view of adding a second coupled redox potential to 
our knowledge that Baumberger (8), in 1929, undertook the study 
of the lactate-enz)Tne-pyruvate system In 1932 Wurmser and DeBoe 
(10) and Wurmser and Mayer (11) pubhshed a determination for this 
system, finding a coupled redox potential of —0 200 at pH 7 4 and 
37°C , using as catalyst an autolysate of B coh Baumberger, Jur- 
gensen, and Bardwell (9) presented a paper on this work at the 
International Physiological Congress in Rome 

Method 

The electrode vessels used throughout the 'tvork were of a type quite similar to 
Lehmann’s, consistmg of a Pjtcx U-tube (see Fig 1) m which the two arms were 
connected by a capiUarj filled with agar-agar saturated with KCl One arm con- 
tamed the lactate-p 3 TUvate s} stem and the other served as reference cell The two 
electrodes, one m each arm, consisted of platinum foil supported by platmum wire, 
thus e limina ting the use of mercuiy’ Ovj'gen was removed by attaching the stop- 
pers of the two arms to a Y-tube connected to a water vacuum pump havmg a 
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nitrogen tank in the circmt By intenmttentl> evacuating and building up the 
pressure with nitrogen the oxygen was finally flushed out and the process was 
ended b> evacuation until the vigorous bubbling of the fluid gave place to bumping 
at which point the stop-cocks were turned off The entire evacuation was carried 
out at 35 C and required about 5 mmutes 

Usually the reactants in the U tube were added m the following sequence 

1 To the nght arm 

0 05 u KH phthalate m 0 15 m NaCl 

Quinhj drone ctj'slals 

2 To the left arm 

4 0 ml 0 2 IT sodium phosphate buffer ab NaCl to ionic strength (m) 0 8 

1 X mk 0 39 M lactic aad 

A ml 0 40 M pyruvic acid 

1 0 ml 0 002 u reversible redox mdicator 

2 0 ml enzyme 

The osmolar concentration of (t) and (2) were equal The reagents were all 
kept in the cold room at 3 C d: 2 , protected from bght and fresh solutions were 
frequently prepared The lactic acid was the usual d I form Pyruvic acid was 
freshly diitiUed at 70 and 16 mm pressure Lactic and pyruvic acids were made 
up to a concentration of 0 39 and 0 40 molar respectively as determined by titra 
tion with standard alkali. 

The enzyme preparation was made according to the method of Bemheim (12) 
Commercial dried yeast was ground to a powder in a coffee null, treated with ace- 
tone dried and kept until used in a vacuum desiccator ov er CaCl Each v. eek a 
new enzyme preparation was made by extracting 10 gm of the dned powder with 
100 ml 6 8 phosphate buffer and 0 1 ml toluol with occasional gnndmg m a mor 
tar for a period of 4 hours at room temperature The extract was then centrifuged 
at 2500 E p M for 15 minutes, and the supernatant fluid m 20 mk lots was placed 
in cellophane (Viskmg Corporation Chicago) sausage casings These were 
placed m a jar contammg 3000 ml distilled water, which was kept stirred in the 
cold room. After 24 hours the water m the jar was replaced by fresh distilled water 
and the dialysis contmued for another 24 hours The contents of the dialyzcrs, 
which Toll be called the enzyme solution, ’ now showed a negative mtroprusside 
test for cysteme The enzyme solution was centrifuged agam as above and was 
placed m a stoppered flask to which a drop of toluol was added This solution w as 
protected from light and kept m the cold room Its activit\ remained high for a 
period of 2 to 4 weeks but our experiments were earned out with enzjTue dunng the 
first week after preparation and for each experiment the enzyme solution was 
recentnfuged immediately before use Tests of the enz^^nc solution for cyto- 
chrome lactic acid pyruvic aad reduang sugar and aldehy des were all negative 
When no lactate or pyruvate was added, the in i<acuo expenments showed only 
shght reduction of methylene blue in many hours 

The vacuum U shaped electrode \esscls a few mmutes after evacuating were 
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attached to the frame of a shaker enclosed m an electrically controlled air thermo- 
stat at 32°C ±0 1° The shaker imparted a gentle circulatory motion to the 
fluid m the vessels and caused the electrodes to vibrate Vessels were so connected 
that the e m f could be measured while shakmg continued 
The E Sr F of the cham 


Platinum 

quinh 3 ’-drone 

sat KCl agar-agar. 

enzyme 

Platinum 


NaCl 

1 

lactate 


1 

i 

1 

^KH phthalate 


pyruvate 
sodium phosphate 
mdicator 



was measured by a Leeds and Northrup potentiometer of the “hydrogen ion” 
tjTie and an enclosed lamp galvanometer used as null point instrument Care 
was taken to avoid polarization of the electrodes Later a thermionic electrometer 
was employed to measure the e ir F The therrmonic electrometer was developed 
in this laboratory by Mr R K Skow 

The potential of the quinhydrone, NaCl, KH phthalate, was determmed before 
and after the experiment by connecting it to a saturated calomel half cell by means 
of a saturated KCl agar-agar bridge This potential was found to remain con- 
stant to witlim ±0 5 mv for a period of 6 hours If the upper portion of the 
vacuum electrode vessel is cooler than the lower portion the potential of the quin- 
h> drone half cell contmually becomes more negative This change is due to the 
in vacuo distillation of quinone and its condensation on the cooler surface, where 
Dr C R Noller collected it and identified it by melting pomt determination 
The fact that quinone may be distilled off from quinhydrone under these circum- 
stances IS evidence against the idea that quinhydrone may be a half reduced quin- 
one It also suggests precautions that should be taken when quinhydrone elec- 
trodes are used 

The hydrogen ion concentration of the solutions was determined by means of the 
glass electrode Glass electrodes were made of Cornmg 0 015 glass bulbs sealed to 
a double waUed shank so that deviation film (K!ahler and DeEds (13)) effects were 
obviated and the theoretical difference in potential between different pH’s was 
ob tamed The e m f between the glass electrode in 0 05 u KH phthalate in 0 15 
M NaCl and a saturated calomel half cell was determined by means of a thermionic 
electrometer The glass electrode vas then washed and placed in the lactate- 
P3'ruvate S3'stem from the left side of a vacuum electrode vessel and the E M f 
against the saturated calomel half cell determmed The difference between the 
tno estf’s divnded b 3 " the temperature factor gave the pH difference, which, 
when added to the pH of KH phthalate, gave the pH of the lactate-pyruvate S 3 'S- 
tem Determination show'ed no change m pH outside the Imuts of error, namel 3 ", 
±0 02 pH 

The mdicator used was mdigo disulfonate (Clark el al (14)) which was more suit- 
able than an 3 ’' other reversible system because its molal electrode potential, E, 
m the ph 3 siological range of pH is approximately 0 330 or only + 0 014 to 
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the jE of the lactate-pyruvate system according to our determination of it Meth vl 
ene blue (Clark ei at ) had to be used in some of the more acid solutions as the 
indigo was out of range Rosindulme (Michaehs (15)) was found to be too nega 
tive to be useful /3 anthraqumone sulfonate (Conant (6)) though with an L 
of about + 0 240, falling mto range at some ratios of lactate to p>*ruvate, was 
discarded because we found that this substance had a marked power of photo- 



dynamtc oxtdaiion of both lacbc and pyruvic acid with the accompanjang rcduc 
tson of methylene blue et mdigo dssulfonate This effect is now under uivestiga 
tion by two of us It IS certam that results based on the use of ^ anthraqumone 
sulfonate must be accepted with caution No measurable difference was noticed 
when experiments were conducted m light or dark with the other Indicators used, 
but the ptecAuUon of minimiimg exposure to light was emploj ed so that these 
experiments were conducted at a light mtcnsity equivalent to twilight 
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Rale of Change of Oxidaho7t-Reducho7i Pole7ihal 

Most of our experiments were made ivith four vacuum electrode 
vessels at once Each vessel had a lactate-p 3 nruvate system at a 
different pH or different ratio of lactate to pyruvate The potentials 
were determined at intervals of about 20 minutes and the results 



Fig 2 Potential-time curves at different pH Time in hours, E m f in volts, 
pH indicated at right EUF is the p n between the quinhydrone half cell at 
pH 3 97 and the coupled redox s}stem 


plotted against time The potentials were found to become very 
rapidly more negative at first and then the rate of change became 
gradually slow er until finally it became constant or neghgible Fig 
2 shows some typical potential-tune curves It can be seen from the 
cuiw’cs that the rate of potential drop approaches zero in the case of 
relatively acid solutions and reaches a rather low value at pH 6 18 
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The final constant rate of change of potential differs according to 
the pH as shown by the following table 


pH nngc ^ 

Hate ol c>iaiige of potential 


mr/if 

4 6-59 

<1 

6 2 

1 5 

6 6 

2 5 

6 7 -11 8 

3 5 


This continuous change is probably due to secondary reactions, 
most hkely the formation of condensation products of pyruvic acid, 
which IS accelerated at 37°C accordmg to Ganno and assoaatcs (16) 
and a change m the keto-enol ratio which occurs with change m 
pH according to Henn and Fromageot (17) and the formation of 


CHi 


o 


OH 


OH 


It Will be necessary to evaluate these three effects before very exact 
detenrunations of the equilibrium potential may be made but we have 
assumed that the effect of the secondary reactions upon the potential 
may be minumzed by considenng the rate of change of potential 
throughout the experunent and selecting as the equilibnum potential 
the pomt where the rate of potential change becomes constant This 
point IS indicated by an arrow on each of the curves in Fig 3 
Values thus obtamed are considered equilibrium potenhals in the 
remainder of this paper 


Effect oj pB on the Equilibrium Potential 
When the ratio ol lactate to pyruvate is kept at unity and the pH is 
varied by means of buffers the cquihbnum potential changes as shown 
by Fig 4 This curve of E'o (Clark et al (14)) changes 0 060 volts per 
pH unit over the range of pH 5 2 to 7 2, in other words throughout 
most of the physiological range, and the formula fitting the curve is 


- £ •> 0B16«t32 5 C 


(I) 
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The molal electrode potential (Borsook and Schott (4)) jS = 0 316 is 
based on twenty-two experiments at sixteen different pH values within 
the range 5 2 to 7 2 A maximum deviation of 0 006 and —0 006 
occurred but the deviations were random 

Outside the range of pH 5 2 to 7 2 we are unable to interpret the 
change of E'o with pH At pH <52 the E'o changes 0 160 volts 
per pH umt To some extent this could be due to the acid dissocia- 
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Fig 3 Potential-time curves Arrows mdicate pomt where A e m r /A time 
becomes constant and is considered to be the e^uihb/'twn polctilioX (See descnp- 
bon of Fig 2 for further detail ) 

tion of the lactic and pyruvic acid, although it is not clear to what de- 
gree dissociation of the carboxyl group will affect the oxidation-reduc- 
tion potential It is in this acid region, however, that the most 
marked shift of keto-enol ratio occurs, according to Henn and Froma- 
geot (17), and this shift of ratio could very well affect the E'o (Some 
consideration of the “influence of ionization at points unconcerned in 
oxidation-reduction” and the “influence of tautomerism” are given by 
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Clark el al (14) ) It does not seem likely that the reductant could have 
dissoaation such as to account for the changes in slope of the A E'e/A 
pH curves from 0 160 below pH 5 2 to 0 060 from pH 5 2 to 7 2 and 
to 0 030 from 7 2 to 12 0, and we have no other postulates to offer 
The data in the pH ranges 2 9 to 5 2 and 7 2 to 12 1 are not as satis 



Fig 4 E'o — pH curve Note that Co + 0 06 pH ■= 0 316 between pH 
5 2 and 7 2 


factory as for the region pH S 2 to 7 2 and t\e shall confine our atten 
tion to this more dependable information 

The Eject on the Equthbrtvm Polmilial of Changes in the Ratio of 
P'^nratc to Lactate 

The proof of the reversibiUty of the reaction 
lactate" pyruvate" + 211+ + 2e 
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lies in the determination of the effect on eqmhbrium potential of varia- 
tions in the ratio of pyruvate to lactate Experiments were earned out 
as before with ratios of p3T:uvate to lactate of 9 1, 5 5, 1 9 Since 
the stock solution of pyruvic acid had a concentration of 0 4 molar 
and the lactic acid 0 39 molar, at 32 5°C the second term of equation 
(2) would give + 0 0291 for the 9 1 ratio and — 0 0285 volts for the 1 9 
ratio The expected difference between the two ratios would, there- 
fore, be 0 0576 volts, and observations agreed closely \vith this, as 
shown m Table I 


TABLE I 


pH 

Pj ruvate/Iactatc 

0 316 -0 605 pH 
+ 0 030 log 
Pyruvate/lactate 

Average 
observed Eh 

No observed 

6 so 

9 1 


-0 065 

5 


5 5 


-0 097 

9 

6 80 

1 9 


-0 122 

5 


The observed and calculated Eh agreed within 1 or 2 mv Since 
the log of the ratio of pyruvate/lactate if multiplied by 0 060, instead 
of by 0 030 as we have done, would change the values by about 29 
mv , there can be no doubt that two electrical equivalents are reqmred 
for the reaction, i e , w = 2 in equation 


RT 

Eh = E'o + — In 
nr 


[pyruvate"] 

[lactate"] 


( 2 ) 


Since the obsers'^ed potentials fit the equation (2) when the ratio of 
pyruvate/lactate is varied, the process 

lactate" pj ruvate" + 2H+ 2c 

must be reversible The process may proceed somewhat as follows 
The lactate is oxidized by the indigo disulfonate until the dye is re- 
duced to some degree ^^^len the potential of the partiaUy reduced 
indigo disulfonate is sufficiently low, the rate of reoxidation of dye by 
pjTuvate v ill equal the rate of reduction by lactate and equihbnum 
will have been reached That lactate is actually oxidized to pyruvate 
and p>Tuvate to lactate v as not proven by direct analysis but it does 
not seem probable that equation (2) could hold unless the products 
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of oxidation of lactic acid and of reduction of pvnivic had the same 
free energy as p)Tuvic acid and lactic aad respectu ely 

Recovery of Pyriaate at End of Experiment 

That p 3 T:uvate was not further oxidized in the course of our expen 
ments was determined by anal j sis Pyruvate xvas determined by the 
method of Wieland (18) and no change m this constituent was found in 
6 hours Tests with the Warburg apparatus for the presence of car 
boxylase (Warburg et at (19)) in the enzyme preparations gave nega 
tive results It may therefore be said that pyruvic aad is not removed 
dunng the experiment An amount of pyruvate equivalent to the dye 
reduced or oxidized may appear or disappear, but the concentration of 
dye was kept below 0 01 per cent of the pyruvate, so these changes n ere 
mthin the experimental error of the analj tical methods 


The Ejfect of Change in Temperature on the Bqutlibnum Potential 
AE 

The of the process was studied by lowering the temperature from 32 C to 

16°C after the equihbnum potential had been reached, but the reacbon that must 
go on to reach an equihbnum at a new temperature is so slow that the results have 
so far been too vanable to be of am significance It is planned to carry out a new 
set of parallel experiments at two widely diHerent temperatures m order to obtain 
this data When such a value has been obtained, it may be used to calculate the 
heat absorbed dunng the reaction as by the Gibbs Helmholtz equation 


„ , Aff „djS 
^ Af " ^ dr 


and the increase in entropy (AS) of the system could then be calculated 

- " -* af — tas 

Thermodynamic Calculations 
The free energy [AF) of the process 

lactate” pyiu\atc" + 2e + 2H+ 

may be calculated as follo'ws 

Af - -^FE 

- -2 X 230S7 5 X -0 316 

- U 572 
-14 572 
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Data are not available for the calculation of the entropy of pyruvic 
acid, but the (AFjps) standard free energy of formation at 25°C for 
d-l lactic acid (1) is given by Parks and Huffman (20) as — 124,400, 
and from this value and the AF of the reaction the AFjss for pyruvic 
acid (1) may be calculated as follows 

Lactic ion (Iw) — » pyruvic ion (Iwi) = AFi = +14,572 

Lactic acid {hn) lactic ion (lf«) = AFj = +5,410 

Lactic acid (1) lactic acid (hn) — AF 3 = ^ 

Pyruvic ion (Ijii) — > pyruvic acid (Iwi) = AF^ = —3,709 

Pyruvic acid (Im) — > pyruvic aad (1) = AFs = + 

Lactic acid (1) — > pyruvic aad (1) AF = 16,273 

AF = AF° lactic aad (1) ~ AF° p3Truvic acid (1) = 16,273 
A F° pyruvic aad Q) = -124,400 - (+ 16,273) = -108,127 

This is to be considered as merely an approximation, as m the 
calculation the free energies of dilution X and are considered equal, 
since no adequate data are available for pyruvic acid (Massol (21), 
Simon (22), Meyerhof (23)) 

The free energies of dissociation were calculated as follows 

AFs = RT In Ka, where pKai = 3 85 (Clark (24), p 678) 

AF* = RT In Kap “ pKop = 2 65 (Barmore (25), p 41) 

DISCUSSION 

That the system lactate/pyruvate is irreversible in the absence of 
a suitable enzyme was shown by Barmore (25), who, working m the 
absence of enzymes, found that lactic acid is not oxidized by qmnhy- 
drone but is oxidized by KIMnO* while pyruvic acid is not reduced by 
reduced 1-naphol, 2, sulfonate, nor by T1CI3 We have found that 
lactate + p}T:uvate + enzyme does not establish a measurable poten- 
tial on a bare platinum electrode except through the intermediary of a 
reversible system of suitable E'o, as for example indigo disulfonate, in 
the presence of which the coupled redox potential (as defined on page 
962) IS estabhshed 

The fact that this coupled redox potential obeys equation (2) proves 
that the system is reversible in the presence of the lactic acid dehydro- 
genase Wurmser (27) and couorkers have also shoum that this is the 
case by essentially the same method These investigators added 
lactate to oxidized dye and pyruvate to reduced dye and followed the 
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change m potential electrometncally The enryme present nas 
Stephenson’s (26) preparation of autolysed B coli The reduced dj e 
(phenosaf ranine, E'o —0 2SS pH 7 4) was oxidized by pyruvate (but 
not by lactate) and oxidized dye (cresyl violet E'o pH 7 4 —0 17S) 
was reduced by lactate The potentials of the two vessels approached 
each other but did not meet because the dves did not suffiaentlv poise 
the electrode in the region of equihbnum 
When, after 24 hours, the reduction of cresyl violet by lactate had 
ceased, pyruvate was added until the ratio of pyruvate/lactate was 
7 (Wurmser (27)) The Eh at 37°, pH 7 5, was then -0 16S, rHj 
= 9 34, from which Wurmser calculates 


K 


ICH, CO coo-1 
ICH, CHOH coo-1 


|H,1 - 7 X 10-"‘ - 10-*" 


AF =■ - KT In K = 12(M0 


This hF IS 2,500 calones less than the value we obtain and the E 

0 060 volts less than our deterrmnation A correction for the S°C 
temperature difference might increase this discrepancy by a few milh 
volts, and it is quite possible that the pH was much greater than 
Wurmser mdicates, because no statement is made regarding pH deter- 
rmnations except that in certain experiments 1 cc of 7 4 phosphate 
buffer is added to 1 cc H coh autolysate^ 1 cc M/20 Napyruvate^ and 

1 cc M/1000 dye Such a mixture could very well change pH, 
espeaally toward greater alkahmty In all of our experiments the 
pH was detemuned at the end of the experiment with all of the re 
actants present and definite ratios of pyruvate/lactate were present 
from the start Fromageot, Pelletier, and Ehrenstein (28) present 
evidence that the equihbnum 


CH, CO COOH CHi = 


OH 




< 


OH 


shifts to the right at pH > 5 2 A difference in the proportion of this 
reactive compound, resulting from differences in methods of prepara 
tion, might account for our lack of agreement ivith Wurmser (27), 
» e , we may each be determming the AF of a different comnound 
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Although some discrepancy exists between Wunnser’s data and our 
own, they both offer proof that the system lactate pyruvate is 
reversible 

Haldane (29) has pointed out that the regulatory mechanism that 
governs the process of cellular oxidation is still unknown Under- 
standing of this mechanism may be gained through knowledge of the 
coupled redox potentials of other metabolites, for the Eh at which the 
cell IS poised may detemune the ratio of reactants that can exist 
Wurmser (30) has already made some progress m this direction 
Such a calculation can be made for the ratio of fumarate/succinate 
that can exist in muscle at 37°, assuming the pH 6 8, and assuming that 
muscle is poised at Eh = 0 008 {E 37° = 0 418) at which methylene 
blue would be half reduced, the expected ratio of fumarate to succi- 
nate based on E 37° = 0 423 (Borsook and Schott (4)) would be 

0 423 — 0 418 , [succinate”] 

=: log 

0 0307 [fumarate”] 


Therefore, 

succmate”/fumarate“ = 1 45 

Needham (31) found a ratio of 2 m pigeon breast muscle which is a 
very good agreement In a similar manner the ratio of lactate to 
pyruvate in resting muscle would be 

(0316,, -f- ^ 5) - 0418 ,, 

V ’ AT / , [lactate-] 

= log 

0 0307 [pyruiate-] 

which mdicates that given sufficient time for the reaction to come to 
eqmhbnum, the system would go entirely to the oxidized form and no 
lactate w'ould remain The rate of activation of the lactate by the 
dehydrogenase w'ould be a limiting factor which would permit of wide 
departures from the eqmhbnum state Dunng activity the Eh of 
muscle may drop to a low value, possibly ivithin the range of finite 
proportion of lactate/pyruvate The fact that some lactate is always 
present is due to the continuous glycolysis which keeps adding this 
reductant in competition wnth the penetration of oxygen into the cell 
The oxj^gen combines with the hydrogen of cytochrome (or other inter- 
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mediary) reduced by the lactic aad m its oxidation to pyruvic aad 
(Haarmann (32) has found that ail tissues reduce pjoaivate to lactate 
tn vacuo ) The pyruvic aad may then be decarboxylated to acetalde 
hyde and CO 2 (Wieland (33)) Meyerhof (23) suggests that resynthe- 
SIS of glucose in muscle goes mainly through the route lactic pyruvic- 
acetaldehyde glucose It would not seem likelv that pyruvate could 
be reduced to lactic aad m the cell in view of the coupled redox poten- 
tial of this system and, therefore, the direction of Meyerhof’s synthesis 
IS given support by these thermodjmamic considerations 


SUMMARY 


1 The term “coupled redox potential” is defined 

2 The system lactic ion pyruvic ion 2H+-f 2c is shown 

to be reversible (when the enzyme is lactic acid dehj drogenase) and 
Its coupled redox potential between pH 5 2 and 7 2 at 32°C is 


E'o 


0J16 + 


ST 

F 


RT 

In IH*1 3- - In 


[pyruvate*] 

[lactate**] 


3 The free energy of the reaction 

lactic ion (Im) -♦ pyruvic ion (l#n) — AF « —14 572 

4 The standard free energy of formation pyruvic aad 

(1) IS estimated at —108,127 This is merely an appro-amation as 
some necessary data are lacking 

5 The importance of coupled redox potentials as a factor in the 
regulation of the equilibnum of metabolites is indicated 
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SWELLING OF ERYTHROCYTES IN SOLUTIONS OF 
AMMONIUM SALTS 
Bv E scmODT 

(r rom the Bwchemtcal InstiltUe^ Vntversity of Copenhagen, Copenhagen, Denmark) 
(Accepted for publication, Match 1 1933) 

Besides the hydrogen ion, as is well known, the ammonium ion is 
the only cation capable of passing through the membrane of eryth 
rocytes Possibly the mechanism of this is a simple diffusion, 
possibly, as assumed by Jacobs (1926-27), it consists m a diffusion of 
NHj into the erythrocyte, followed by an exchange of hydroxyl ions 
from the corpuscle for the anion with which the ammonium ion was 
combined m the surrounding flmd 

If the former possibility holds good, the rate of diffusion of am 
monium salts mto the red corpuscles may be estimated by means of 
the coeffiaent of diffusion of a single salt through the membrane 
2 U V 
V + V 

If the diffusion of the salt is based exclusively upon an exchange of 
anions, the question becomes more complicated, as there is a definable 
coeffiaent of diffusion only when there is the same fall in the con 
centration of the two amons 

Taking the simple diffusion of the ammonium ion for a working 
hypothesis, I have tried to work out an equation from which the rate 
of the swellmg of erythrocytes m solutions of ammomum salts may be 
expressed by a single numerical quantity, which is to be regarded as a 
relative diffusion constant for the salt m question Thus it becomes 
practicable to compare directly the rates of diffusion of vanous salts 
and to study the mfluence of different factors upon the diffusion rates 
of individual salts 


Equation for Swelling of Erythrocytes tn Solutions of Ammonium Salts 
Such an expression can be denved from Kick’s law of diffusion 


«» Kg 


Cy - Ci 


977 


( 1 ) 


dm 

It 


I 
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{dm IS the amount of salt passing through the membrane m the time 
dt Cy IS the concentration of the salt in the surrounding fluid, C. is 
the concentration of the salt within the erythrocytes q is the area of 
diffusion (surface of the corpuscle), I is the distance of diffusion {i e , 
the thickness of the membrane) ) 

This law applies to gases and to solutions complying with the laws 
of gases 

In applying this law to the present condition, it is necessary to 
express dm, Cy, and C{ entirely by means of the erythrocyte volume 
and the initial concentration of the surrounding fluid, as for the sake 
of simplification it is desirable to use volumetric determinations 
exclusively 

We start with the assumption that the laws of gases apply to this 
condition, and that there is no restriction to the applicability of the 
van’t Hofl’-Boyle-Mariotte law po{vo — x) = pi{vi — x) (:r is the 
dispersion phase of the erythrocytes, which takes no part m swelling 
orshnnking v„ and vi are the volumes of the blood corpuscles in 
solutions with the osmotic pressures Po and pi respectively ) 

We further take it for granted that the surface of the erythrocytes 
does not change during the swelling and, consequently, that q and I 
can be put down as constant and can be included in K, a diffusion 
constant By this method, K is only of relative value, and one docs 
not claim it to be more 

Pick’s law is then expressed according to the formula, 

(2) ^ ^ - C.) 

al 

First we shall study the conditions in a pure solution of an am- 
monium salt Here the volume of the erythrocytes is Vo at the begin- 
ning of the expenment (after a possible instantaneous change in the 
v ater content if the solution is anisotonic) As there is no ammonium 
salt vithin the corpuscles, it will enter them by diffusion This diffu- 
sion of the salt is followed by an absorption of water, so that Cy 
remains constant, as the amount of water absorbed is exactly the same 
as contained m mol salt when m is the total amount of diffused salt 
Wc shall let v represent the volume of the erythrocytes at the time I 
Dunng the time dt there is a diffusion of dm mol salt into the erythro- 
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cytes, together with that amount of water which corresponds to dm 
mol in the surrounding fluid, dv ~ ^ hter, as the surrounding fluid 
contams Cy mol salt per liter of solution Then we have 

W C, ^ = K (C. - C.) 

01 


Cl IS determined partly by the equation Ci = —2b. (m which x is 

V — X 

the dispersion phase of the erythrocytes), and partly by the equation 
V — V = ^ , that IS, Cl = C„ —— Thus the differential equation 
for the diffusion is 


dv 

II 



By mtegration this gives 



® — X 


KT 


I fr ~ 

* r - » 


+ C 


C can be eliminated, a = r, when T == 0 This gives 


( 4 ) 


KT 


(r - x)’ - (r - »)■ 

* V — X 


To test the validity of the expression experimentally it is sufficient 
merely to place the corpuscles in a solution of an ammonium salt and 
measure their volume from tune to time 
As IS evident from the equation — and from experiments — the cor- 
puscles will keep on swelUng UU they have absorbed all the surround 
mg fluid As a rule, however, they undergo hemolysis before this is 
accompUshed 

The hemolysis may be prevented by the addition of a suitable 
amount of a non permeaUng salt or non electrolyte In that case 
another expression is dent ed from F ick’s law 
As before, the osmotic pressure will remain the same on both sides 
of the membrane only if it sta3is constant both outside and inside 
This requires that the salt diffusing into the erythrocytes — dm mol — 
should take along an amount of water — dv liter — such that the 
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solution, dm mol salt in dv liter solution, has the constant osmotic 
pressure p — P\ p* x ~ py p\ px and py are due to the per- 
meatmg salt, and p'*'y depend on the non-permeatmg substance 

Py = K*Cy, p. = 




Cy 


P_ 

K 


When substituted m (2), it gives 


(5) Cy^J^K {Cy - c.) 

PyO^ 

Correspondingly, the amount of salt (w) diffusing into the cor- 
puscles, together with the absorption of the amount of water in 
{v — Vo) liter, IS given as 

(5fl) — ~ Cy 

V - Vo 

The m mol salt is distnbuted in — ^) liter solution of the inner 
fluid, givmg this the concentration C, 


( 6 ) 


C. = 



= Cy 


p ^ ~ 

p V — X 


Substituting this value for C, m (5) gives 


(7) 

( 8 ) 


P^dl \ PyV-x) 



— decreases with an increase in /, whereas increases, asx <Vo 

p V \ 

Therefore, diffusion and spelling wall go on, until ~ this 

p V, — X 

means, as is also evident from the connection between C, and Cy in 
(6), that Cx = Cy 

If we conceive the volume of the surrounding fluid as very large in 
proportion to that of the corpuscles, py may be taken as a constant 
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If this be the case, then we have men this expression 

IS subshtuted m (8), we have 


(9) 


By integration, this gives 


(10) KT » ^ {— (p — ») In (tp _ r) + p — t,| + C" 

V X ' 

The value of C may be calculated, as r « when T « 0 We 
then have 

(11) KT «a |(» — a:) In + 5 _ r| 

E’tPERIMENTAL 

A great number of experiments has been performed As permeating silt 
ammonium bromide has been used As non permeating substance either Brmk 
man fluid or Christensen Warburg fluid has been added to the s>’stern 
Bnnkman fluid consists of 


Primary phosphate of potassium (Sdrensen) 

Secondary phosphate of sodium (Sorensen) 

Distilled water free of carbon dioxide, up to 1 liter 

A 0 458 pH 7 53 

2 18 gm 
16 3 gm 


Chnstensen Warburg fluid consists of 


Oxalate of sodium (Sorensen) 

11 3 gm 

Primary phosphate of potassium (Sprensen) 

0 315 gm 

Secondary phosphate of sodium (Sprensen) 

Boiled dist^ed water up to 1 bter 
n 0 425 pH 7 35 

1 jflSgra 


The blood m all experiments was fresh human blood with sodium citrate as an 
anticoagulant The temperature was kept constant b> means of a water thermo^ 
stat, in which the flasks with the saft solutions and the blood were immersed 
At certain times after the begmnmg of an experiment, specimens were extracted 
and centrifugated at a rate of 3500 r p u m Hamburger s cono hematocrit tubes 
All volumes are expressed as per cent of a standard volume namel> the volume of 
the blood corpuscles m their oim phsma 

CalcuJatioji of tftc Diffusion Constant 
Application of Equations 4 and 11 tc^ the v — t curves obtained 
offers several advantages For one thing, it makes practicable a 
direct companson of the results from ejcpenments with different con 
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centrations of permeating or non-permeating substance Next, it 
allows the summing up of the results of an experiment with 10-20 
volume determinations into a single value K, supplemented by Vo 
(in Equation 11, by zi, too) 

There is a little difference in the calculation of the constant accord- 
ing to whether Equation 4 is used or Equation 1 1 
Equation 4 reads 

1 - *)’ 

KT = i , 

Vo — X 

and it is to be employed when the surrounding fluid consists only of 
permeating substance It includes three unknowns, x, Vo, and K 
V and Vo are calculated in per cent of the volume which the same 
amount of corpuscles would have in plasma 
The value of x — dispersion phase of the corpuscles — is set at 50 
per cent of the volume in plasma As all the v values are estimated in 
the same unit, x may as a rule be set at 50 (provided that x does not 
change) 

The value of 50 for x is derived empirically It is the value most 
fitting for human blood corpuscles m the fluids employed in the 
present work, that is, when all the values obtained have to be adapted 
to the expressions found for Eoyle-Mariotte’s law and Fick’s law 
In the application of Equation 4 it is theoretically possible to find 
the value of v„ by mathematical deduction from several determinations 
of V, as (v — xy = 2 (vo — x) KT + {v„ — xY, but the estimations are 
not accurate enough for this Therefore, Vo has to be determined by 
extrapolation or by calculation according to Boylc-Mariotte’s law 
The derivation of K is the same in both equations, it will be mentioned 
later 

Equation 11 reads 

^ In _ X 

— * [ y p, — r y 

and it IS employed when the surrounding fluid contains non-pcrmeating 
substance as well as permeating substance 

With Equation 1 1 the derivation of K is more difficult Here we 
have four unknowns v„ Vo, x, and K Here too x is set at 50 As 
above, Vo may be derived mathematically in several ways, but 
estimations of z» as a rule arc not accurate enough for this purpose 
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So ii» has to be detenmned by extrapolation, and this is practicable in 
particular if the same system is examined at different temperatures, 
as this gives a greater numher of curves for the extrapolabon, and 
is not affected by changes in the temperature At low temperatures 
the swelling of the erythrocytes is slow, at high temperatures it pro 
ceeds rapidly Thus it is practicable in this way to get a set of 
curves which all converge towards tr. 

Finally, t)„ can be calculated approximately when the osmotic 
pressure of the surrounding fluid is known, this value is substituted in 
Boyle Manotte’s law, and ti. is calculated from this, A of p 1 a «m a 
bemg reckoned as 0 S6° », is more easy to obtain The curve will 

approach asymptotically a fimte quantity we here call r,, although it 
really ought to be designated by v^, as theoretically it is never 
reached However, the corpuscles will soon attain to a size which 
differs from the theorebcal v „ only so little that this deviation is far 
within the limit of mean error Measurmg the volume several times 
after this value is reached will therefore give constant values for the 
volume, and this will pracbcally be equal to Va, So when the same 
volume IS obtained a tew times m succession, it may be counted as 
V, Theoretically it would be practicable also to calculate o, after 
Boyle Manotte’s law when the osmobc pressure of the non permeating 
substance m the surrounding fluid is known It happens not infre 
quently, espeaally m protracted expenments, that the values for v, fad 
to be altogether constant, as hemolysis, agglubnation, and similar 
processes may prevent an accurate reading WTien, on the other 
hand, the end value is reached early, v, proves to be a constant \ alue 
(Experiment 1) 


EXPERIMENT 1 


15 cc. Brinkman fluid + 10 cc 2 2 per cent NH^Br + 0 5 cc. blood 1 hour old 


T'me 

% oltune ol corpuKles In per cent of thrir v lumc 
in plrusu 

S nun 

113 

Hi 

115 

21 

117 

48i 

116 

19 hT3 

117 

24 

117 
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SWELLING OF ERYTHROCYTES 


The value of Vo is determined for each concentration of permeating 
salt, and Vo and v, are determined for each combination of permeating 
and non-permeating salts 

In each experiment a series of detemnnations of v are made at 
different points of time (t) It is now attempted to find a value for 
K such that the v — t curve resultmg from the substitution of the 
values obtained for Vo, v„ and x in the equation corresponds as well as 
possible to the v — i values obtained 



Time 

Fig 1 Experwieuis 2-5 — IS cc Warburg-Cbnstensen fluid 10 cc 4 41 
per cent NH 4 Br + 0 5 cc blood Temperature 20° Curve drawn calculated 
values {vo 82, v, 144, K 6 5) Pomts plotted observed values 

As the procedure is the same no matter which equation is employed, 
it suflBces for illustration to show its application to the more com- 
phcated of the two equations (11) 

Four experiments m the same system gave the results presented in 
Fig 1 

Vo and I', cannot be estimated wuth sufficient accuracy from these four 
experiments alone but summmg up the results of all the experiments 
in this system (a total of 100) gives 144 as the average value for v. in 
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132 determinations, and 82 as the average for The latter value is 
the extrapolation value which fits in the best with the 100 experiments 
m the system, in which the K value vanes from 1 0 to 30 
A tnal is then made with substitution of some values for K in the 
equation, with selection of the value that gives a curve covering the 
greatest number of points — ^in this example K was 6 5 
In another senes of experiments, one of the systems compnses seven 
separate expenments earned out at different times The findings arc 
presented m Fig 2 



Fig 2 Expenmails 15 cc. Bnnhnan field — 10 cc. 4 41 per cent 

NHtBr + 0 5 cc. blood. Teniperahiii 20’ Cnrre cal tu latcd i-alues 

(r 77.5 V 112 K 6 5) Points plotted ob-CTced vnlnes. 


Here too iif 6 5 was found to gi\e the most consistent curve with 
r. 77 S and r 112 Ml the experiments ag-ee, no othe- value fo- K 
would apply to anj of them. 

K ma> be calculated for e\ eiy pomt and an average taten but tne 
‘‘best possible” cun e is almost as exact and much easier fo do Thus, 
a cun e calculated on a formula dented from Hct s taw ter; dose3> 

coversasetofpomtsobtamedbyexpenment. I do not daim that this 

fact has any % alue m proving the assumptions that we mac; m deduct 
mg the formula. Netertheless the sze of tne sirface area of the 
blood corpuscles nia> terj weU be constant within the hm-ts here 
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adhered to Jacobs in working out a formula very like rmne makes 
the same assumption 

In numerous experiments with different concentrations of per- 
meating and non-permeating substances, the curve always has covered 
the points Of course, the values of Vc and v, have to be altered with 
the system All values of Vo in the different systems follow the van’t 
Hoff-Boyle-Mariotte law closely The values of v, do not always 
correspond to those expected from this law but there is a certain con- 
formity in the variations in the different systems 

I think then, that these formulae may be used m testing tlie influ- 
ences of certain external factors, t e temperature and hydrogen ion 
concentration — and the effect of certam substances upon the per- 
meability of the blood corpuscle membrane For if we carry on our 
investigations in the same system of permeating and non-permeating 
salts, any alteration in the size of the diffusion constant IC may be 
taken as a proof of an alteration m the permeability of the corpuscle 
membrane 


SUMMARY 

Two rather simple equations have been derived, which make it 
possible to express in a smgle number the result of a series of deter- 
minations of the volume of erythrocytes swelling in solutions of 
ammonium salts 

In all experiments made with several combinations of different 
concentrations of permeating and non-permeating salts, the curves 
calculated from the equations have covered the points found by 
experiment 
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